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This  volume  is  the  proceedings  of  a  symposium  hosted  by  the  John  B.  Pierce 
Foundation  and  held  at  Yale  University,  New  Haven,  Connecticut,  on  October  26-27, 
1981 .  The  goal  of  the  symposium  was  to  bring  together  engineers,  physical  scientists, 
physiologists,  and  psychologists  to  discuss  how  nonionizing  electromagnetic  radiation 
deposits  thermalizing  energy  in  biological  tissues  and  the  means  by  which  this  energy 

may  be  detected  and  effectively  managed  by  the  conscious  organism.  /Cis.. _ 

Much  is  known  about  the  mechanisms  by  which  warm-blooded  organisms  achieve 
and  maintain  a  characteristic,  stable  internal  body  temperature  in  the  face  of  environ¬ 
mental  thermal  stresses.  Exposure  to  nonionizing  radiation  of  the  microwave  frequen¬ 
cy  range  can  provide  a  unique  thermal  challenge  to  deep,  as  well  as  peripheral,  body 
tissues  that  must  be  dealt  with  by  these  same  mechanisms. 

Recent  developments  on  two  broad  scientific  fronts  indicated  that  an  interdisciplin- 
j  ary  meeting  would  be  both  timely  and  productive.  First,  research  into  the  biological 

effects  of  exposure  to  radiofrequency  radiation  has  advanced  considerably  during  the 
past  6-7  years,  roughly  since  a  symposium  held  at  the  New  York  Academy  of 
Sciences.  Many  of  the  suggestions  for  future  needs  and  directions,  offered  by  Prof. 
Arthur  W.  Guy  on  that  occasion,  have  already  occurred  and  more  are  in  various  stages 
of  accomplishment.  Research  emphasis  in  this  field  has  shifted  from  high-intensity  to 
low-intensity  exposure  as  scientists  probe  more  and  more  subtle  biological  effects. 
With  this  shift  in  emphasis  has  come  the  realization  that  an  increase  in  body  tempera¬ 
ture  of  an  experimental  animal  exposed  to  microwaves  implies  a  breakdown  of 
thermoregulatory  mechanisms.  On  the  other  hand,  low-intensity  exposures,  previous¬ 
ly  dubbed  “nonthermal,”  usually  initiate  immediate  and  efficient  thermoregulatory 
s  processes  that  ensure  the  constancy  of  the  ii.i^  nal  body  temperature.  Knowledge  of 

■  basic  thermoregulatory  processes  is  clearly  necessary  for  the  full  understanding  of  the 

responses  of  conscious  animals  in  the  presence  of  radiofrequency  fields. 

,  Tne  second  development  is  the  recent  surge  of  interest  in  the  use  of  microwave 

'  diathermy  and  other  means  to  produce  highly  localized  hyperthermia  as  an  adjunct  to 

effective  cancer  treatment.  Localized  tissue  heating  is  known  to  increase  local  tissue 
I  blood  flow  and  to  alter  metabolic  processes  in  the  affected  tissues.  However,  such 

t  treatments  are  employed  only  in  the  clinic,  not  in  the  laboratory,  with  the  result  that 

f  much  potential  data  that  could  add  significantly  to  our  understanding  of  thermoregula- 
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tory  processes  are  not  recorded.  Students  of  thermal  physiology,  as  well  as  cancer 
therapists,  would  benefit  from  an  increased  awareness  of  microwave  techniques  for 
producing  localized  hyperthermia  as  well  as  the  particular  problems  of  energy  absorp¬ 
tion  attendant  upon  microwave  exposure. 

It  was  most  appropriate  that  the  symposium  on  microwaves  and  thermoregulation  be 
hosted  by  the  John  B.  Pirrce  Foundation.  This  institution  was  founded  in  1924  to 
“  .  .  .  promote  research,  educational,  technical,  or  scientific  work  in  the  general 
fields  of  heating,  ventilation,  and  sanitation,  for  the  increase  of  knowledge  to  the  end 
that  the  general  hygiene  and  comfort  of  human  beings  and  their  habitations  may  be 
advanced.” 

In  1934,  the  Foundation  sponsored  the  organization  of  The  John  B.  Pierce  Founda¬ 
tion  of  Connecticut,  Incorporated  which  owns  and  operates  the  Laboratory  in  New 
Haven.  Since  its  founding,  the  Laboratory  has  been  affiliated  with  Yale  University. 
Many  of  its  staff  contributed  to  this  symposium;  their  cooperation  and  enthusiasm 
helped  to  make  the  symposium  a  reality. 

The  symposium  and  this  volume  would  not  have  been  possible  without  the  generous 
support  of  the  Tri-Service  Electromagnetic  Radiation  Panel,  TERP,  representing  the 
Army,  Navy,  and  Air  Force.  These  funds  were  administered  through  AFOSR  Grant 
81-0211.  Additional  support  has  been  provided  by  the  John  B.  Pierce  Foundation. 

To  the  participants,  who  enthusiastically  exchanged  ideas  and  thereby  expanded  our 
knowledge  of  this  interdisciplinary  research  area,  I  extend  my  thanks.  Many  others 
made  substantial  contribution  to  the  success  of  the  symposium  and  the  preparation  of 
this  proceedings  volume.  I  thank  Dr.  James  D.  Hardy,  former  Director  of  the  John  B. 
Pierce  Foundation  Laboratory,  who  firet  urged  me  to  convene  this  meeting.  Dr. 
Lawrence  E.  Marks  for  his  presentation  at  the  symposium,  not  recorded  herein,  and 
Dr.  A.  Pharo  Gagge  and  Dr.  Hardy  for  serving  as  session  chairmen.  Ms.  Janice  Gore 
of  the  Yale  University  Meoical  School  Office  of  Continuing  Education  worked 
tirelessly  on  the  symposium  arrangements.  Special  thanks  are  offered  to  Mrs.  Barbara 
Adams  for  her  assistance  in  all  phases  of  this  enterprise.  I  greatl)  appreciate  the  effort 
of  Ms.  Joan  Batza  who  prepared  the  final  copy  used  to  reproduce  these  proceedings  and 
the  expertise  of  Mrs.  Gillian  Akel  who  prepared  the  subject  index  to  this  volume. 
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I.  INTRODUCTION 

Building  models  of  the  thermoregulatory  system  and  gain¬ 
ing  insight  about  how  RF  energy  is  absorbed  by  the  human 
body  have  been  two  distinct  disciplines  with  very  little 
cross-fertilization  for  several  decades.  Their  historical 
developments  have  much  in  common.  In  both  cases,  models  of 
the  human  body  were  introduced  which  were  initially  very 
simple.  These  models  were  eventually  replaced  by  increas¬ 
ingly  complex  models  providing  ever-increasing  predictive 
capability.  'JNow  these  two  discipline  have  begun  to  merge 
fc'"  averal  reasons  r  '  / 

1.  Determination  of  thermal  tolerances  to  radiofrequency 
(RF)  energy  absorption  requires  the  use  of  advanced 
thermoregulatory  models.  Past  and  presently  antici¬ 
pated  RF-safety  standards  for  man  are  based  on  the 
concept  that  average  total  energy  absorption  should 
not  exceed  either  the  basal  metabolic  rate  or  about 
40%  of  this  value.  More  attention  is  directed  now  to 
strongly- localized  energy  absorptions.  Tlie  concept  of 
p:.  TTiissible  total  thermal  load  should  be  complemented 
by  stating  the  permissible  local  SAR-values  and  tem¬ 
perature  increases.  Application  of  appropriate  ther- 
ircregulatory  models  may  be  required  to  translate 
specific  absorption  rates  (SAR)  into  temperatures. 

2.  The  controlled  application  of  RF  energies  may  well 
become  a  valuable  research  technique  to  further  our 
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iinderstanding  of  thermoregulatory  processes,  a  point 
first  made  years  ago  by  Hardy  to  this  writer. 

3.  Local  tenperature  elevations  caused  by  absorption 

of  RF  and  microwave  (MW)  energies  may  well  become  a 
valuable  therapeutic  technique  to  reduce  abnormal 
tissue.  Appropriate  consideration  of  man's  tnermc- 
regulatory  system  is  required  in  order  to  translate 
local  SAR  distributions  into  temperature  elevations  in 
clinical  hyperthermia. 

I  will  first  outline  the  history  of  thermal  RF-tolerance 
and  of  thermoregulation  and  then  conclude  with  a  survey  of 
recent  attempts  to  merge  these  two  areas.  The  models  to  be 
considered  are /indicated  in  Table  I. 


TABLE  I.  Models  of  Electromagnetic  Heat 
Deposition  and  Thermoregulation 


^4.^  RF  and  MW  Energy  ;3feposition 


,  / 

!2^  ^uman  ^ermoregulation  ,  CL  I'-K 

^3  ."4  Thermoregulation  and^icrowaves9 

Perception 

Simple  models  for  temperature  increase 
Conpartmental  models  and  imicrowaves 
(Combinations  of  1  and  2) 


II.  RADIO  FREQUENCY  AND  MICROWAVE  ENERGY  DEPOSITION 


t"- 

t' 


A.  Earlier  Models  of  Microwave  Energy  Absorption 

The  first  model  considered  a  semi-infinite  plane  of  soft 
tissue  with  high  water  content,  such  as  muscle,  with  the 
radiation  hitting  the  air-tissue  interface  at  a  right  angle. 
Values  for  depth  of  penetration  and  percentage  of  absorbed 
energy  could  be  calculated  readily  from  available  dielectric 
data.  They  were  later  confirmed  experimentally. 

As  a  next  step,  subcutaneous  fat-muscle  and  then  skin- 
fat-muscle  configurations  ex^josed  to  radiation  were  consid¬ 
ered.  Again  the  results  could  be  readily  predicted  from 
electromagnetic  p.'opagation  theory  and  available  dielectric 
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data.  In  this  case  spatial  patterns  of  local  energy  absorp¬ 
tion  (specific  absorption  rate,  SAR)  are  more  complex  and 
depend  on  frequency,  as  well  as  amounts  of  skin  and  fat.  In 
spite  of  the  emerging  complexity,  it  was  possible  to  state 
some  rather  general  conclusions  for  most  of  the  microwave 
frequency  rcinge  of  dominant  interest  at  that  time: 

1.  Below  1  GHz,  about  40%  of  the  incident  energy  is  ab¬ 
sorbed  in  the  deeper  situated  muscle  and  core  tissue, 
and  most  of  the  other  60%  is  reflected. 

2.  Well  above  3  GHz,  the  percentage  of  absorbed  energy 
increases  slowly  at  first  and  then  more  rapidly  from 
about  40%  to  about  70%.  This  energy  is  almost 
entirely  absorbed  in  the  skin. 

3.  Between  these  two  extremes,  the  SAR  distribution 
depends  critically  on  the  thi ckness  of  the  various 
tissue  layers  and  the  frequency.  The  percentage  of 
total  absorbed  energy  varies  between  20%  and  100%. 

The  conclusions  from  these  studies  have  sometimes  been 
criticized  since  they  were  based  on  such  simple  models. 
However,  they  Ccui  be  expected  to  be  applicable  to  partial 
body  irradiations,  such  as  applied  with  diathermy  techniques 
and  localized  hyperthermia  treatments.  More  recent  work  has 
also  demonstrated  that  these  results  are  applicable  to  the 
case  of  man's  absorption  of  RF  energy  if  appropriately 
superimposed  on  man's  resonance  with  the  impinging  field. 
These  earlier  studies  have  been  reviewed  several  times 
(Schwan  and  Piersol,  1954;  Schwan,  1965). 


B.  Cross-Section  Studies 

During  the  Fifties  interest  shifted  from  microwave  dia¬ 
thermy  to  hazard  problems.  It  therefore  became  necessary  to 
consider  the  absorption  characteristics  of  the  total  man. 
In  the  early  Sixties  we  approximated  man  first  by  a  homogen¬ 
eous  tissue  sphere  and  then  by  a  tissue  sphere  surrounded  by 
a  subcutaneous  fat  layer.  Work  was  conducted  both  theore¬ 
tically  and  experimentally  using  a  large  anechoic  chamber. 
Techniques  were  developed  to  scale  e;q)erimental  data 
obtained  at  one  frequency  to  another  frequency.  This  was 
accoitplished  by  using  appropriately-sized  manikins  and 
adjusting  the  conductivity  of  their  interior  saline  solu¬ 
tions.  The  concept  of  the  relative  absorption  cross-section 
was  introduced  to  express  the  ratio  of  total  absorbed  energy 
to  incident  energy.  It  can  readily  be  related  to  the  con¬ 
cept  of  the  body-averaged  SAR  (av. )  and  the  total  energy’ 
absorbed  E^: 


L 
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=  A  X  F  X  RAC  =  W  X  SAR  (av. ) 

where  W  is  body  weight,  RAC  is  relative  absorption  cross- 
section,  F  is  incident  flux  level  and  A  is  illuminated  body 
area  (shadow  cross-section) . 

The  results  of  these  studies  demonstrated  tliat  RAC-values 
can  be  _  greater  than  one.  This  resonance  effect  typically 
occurs  when  man's  size  conpares  with  about  one-half  wave¬ 
length.  As  frequency  increases  well  above  the  resonance 
range,  the  relative  absorption  cross-section  approaches 
values  calculated  for  the  cases  of  the  plane  tissue  slab 
discussed  above.  Below  resonance,  RAC  and  SAR(av.)  decrease 
rather  rapidly  with  decreasing  frequency.  The  mechanisms 
responsible  for  this  pattern  are  well  understood. 

Almost  one  decade  passed  before  this  sort  of  work  was 
again  undertciken.  These  studies  profited  from  advancements 
in  coitputer  capability  and  analytical  techniques.  More  ad¬ 
vanced  models  of  man  were  introduced  including  spheroids , 
ellipsoids  and  cell  block  models.  This  very  extensive  ef¬ 
fort  over  the  past  ten  years  that  is  still  ongoing  today  has 
refined  considerably  our  insight  into  the  patterns  of  energy 
deposition  in  man.  Some  of  the  inportant  conclusions  in¬ 
clude;  The  resonance  phenomena  can  be  much  more  pronounced 
than  anticipated  from  the  studies  of  the  spherical  model  of 
the  early  Sixties;  RAC  values  of  4  and  more  can  be  achieved 
for  frequently-occurring  e3q>osure  conditions.  Extensive 
ejqjerimental  work  supported  this  theoretical  conclusio;., 
taking  advantage  of  the  development  of  advanced  phantom 
models  of  mem  and  their  rapid  thermographic  evaluation.  For 
more  details  see  the  review  of  Johnson  and  Guy  (1972)  and 
the  collection  of  data  presented  by  Durney,  et  al.  (1976, 
1978,  1980) . 


C.  Local  Hot  Spot  Phenomena 

The  work  during  the  past  decade  has  not  only  advanced 
considerably  our  detailed  knowledge  of  RAC  and  average  SAR 
values,  but  it  has  also  provided  insight  into  the  spatial 
distribution  of  specific  absorption  rates.  These  spatial 
distributions  are  quite  complex  and  depend  critically  on  all 
parameters,  such  as  field  characteristics,  body  dimensions, 
body  orientation  to  field,  and  proximity  of  other  physical 
objects,  including  the  ground.  Nevertheless,  some  rather 
general  conclusions  can  be  drawn; 

1.  At  frequencies  well  above  3  GHz,  surface  heating  is 
pronounced. 
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2.  Strong  exchange  currents  between  different  body  com¬ 
partments,  such  as  legs  to  ground,  arms  to  trunk,  or 
head  to  tn;nk,  can  exist. 

3.  Hot-spot- like  patterns  of  energy  deposition  can  be 
generated  in  the  frequency  range  from  about  500  to 
2000  GHz.  In  these  hot  spots  local  SAR  values  can 
easily  be  tenfold  larger  than  average  SAR  values. 

Work  in  this  area  included  both  theoretical  and  experi¬ 
mental  studies.  During  the  early  part  of  the  past  decade 
the  focussing  and  resonance  phenomena  of  curved  tissues  such 
as  the  human  head  were  investigated  in  great  detail  and  the 
mechanism  responsible  for  hot  spots  identified.  The  theore¬ 
tical  studies  from  several  groups  of  investigators  and 
e}q)erin)ental  observations  using  the  thermographic  scanning 
procedure  developed  by  Guy  fit  well  together.  However,  the 
cell  block  models  of  nan  are  not  yet  detailed  enough  to 
indicate  the  dominant  surface  heating  which  should  also  pre¬ 
vail  at  frequencies  near  and  below  the  resonance  range, 
particularly  in  the  trunk. 

Table  II  attempts  to  summarize  the  modeling  developments 
summarized  in  the  preceeding  sections  on  KF-  and  MW-  energy 
deposition. 


TABLE  II.  Energy  Deposition  by  RF  and  MW 


Senu.-infinite  plane  of  muscle 
Skin- Fat-Muscle 

Tissue  sphere,  homogenous,  absorption  cross-section  RAC 
Tissue  sphere  with  fat  shell,  absorption  cross-section  RAC 
SAR  distribution  (average  and  local) 

Sphere  and  ellipsoid 
Cell  block  models  of  man 
Phantom  techniques 

Some  Results: 

Resonances  (man,  body  segments,  skin- fat-muscle) 

Hot  spots  in  0.5  -  2  GHz  range 
Surface  heating  at  high  microwave  frequencies 
4  frequency  ranges  (below  resonance,  resonance,  hot  spot, 
surface  heating.) 

Exchange  currents  (segmental  such  as  head  and  arms  to  trunk, 
to  ground) 
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III.  THERMOREGULATION 


I  am  less  competent  to  summarize  the  developments  in  the 
field  of  thermoregulation.  However,  a  similarity  to  the 
history  for  the  RF-field  is  apparent.  In  both  cases  the 
development  of  increasingly  complex  models  occurred  as  shown 
in  Table  III.  Gagge,  one  of  the  pioneers  of  the  field, 
introduced  a  model  which  approximated  aicji  by  a  sphere  gener¬ 
ating  metcibolic  heat  and  interacting  thermally  with  the 
environment  (Gagge,  et  ai.  (1969,  1971).  Multiple- layer 

schemes  were  used  with  skin  on  top  of  subcutaneous  fat  on 
top  of  muscle  and  core  tissues.  Further  refinements  were 
introduced  by  Hardy,  Wissler,  Stolwijk  and  others  and 
include: 

1.  Conpartmentalization  of  the  human  body  into  regions  or 
segments,  including  legs,  feet,  arms,  hands,  trunk  and 
head.  Each  compartment  was  sii)divided  to  account  for 
skin,  fat  or  bone,  muscles,  and  organs. 

2.  Appropriate  consideration  of  the  role  of  heat  conduc¬ 
tion  and  blood  flow  between  the  various  coirpartments 
and  their  subconponents . 


TABLE  III.  Models  of  Human  Thermoregulation 


Cylinder 

Cylinder,  stratified 
Compartmental  models; 

Passive 

With  control  features  including 
Body  segments 

Conponents  of  each  segment 

(skin,  subcutaneous  fat,  muscle,  core) 
Themostat  and  feedback 


3.  Appropriate  consideration  of  the  mechanism  of  heat 
exchange  of  man  with  the  environment,  including  radi¬ 
ation  losses,  sweating,  and  heat  conduction. 

4.  Introduction  of  feedback  loops  into  the  model  which 
incorporate  temperature  sensors  and  a  thermostatic 
controller  in  the  hypothalamus.  This  controller  inte¬ 
grates  the  temperature  signals  received  from 
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various  body  segments,  conpares  the  information  with  a 
reference  signal,  and  initiates  corrective  measures. 

Initially,  models  were  "passive",  i.e.,  with  no  feedback 
components  useful  for  controlling  and  corrective  action. 
Wissler  introduced  a  system  with  some  hiondred  conponents 
which  describes  in  detail  conductive,  convective  and  coun¬ 
ter-current  heat  exchange  processes.  Models  incorporating 
thermoregulatory  feedback  control  first  emerged  in  the 
middle  Sixties,  For  some  detailed  reviews  of  these  develop¬ 
ments,  see  Fan,  et  al.  (1971),  Wissler  (1970),  Stolwijk  and 
Hardy  (1977),  For  a  recent,  more  detailed  summary  in  the 
context  of  RF  and  microwave  energies  applied  to  man,  see 
Michaelson  and  Schwan  (1981). 

Stolwijk 's  present  model  is  probably  the  most  sophisti¬ 
cated  one.  Its  predictions  have  been  experimentally  checked 
by  an  appropriate  evaluation  of  exercising  man.  This  model 
with  its  many  conponents  and  subconponents  requires  advanced 
coitputer  capabilities.  In  this  regard  it  compares  with  the 
sophisticated  block  models  of  man  e3q)osed  to  RF-  fields 
where  the  modeling  of  the  human  body  has  advanced  to  a  state 
requiring  large  computational  power  and  further  refinement 
of  the  models  becomes  difficult. 

Aside  from  tenperature  sensors  in  the  skin  and  in  the 
hypothalamus,  there  appear  to  exist  additional  tenperature 
sensors  with  a  controlling  ability.  The  medulla  and  the 
spinal  cord  possess  such  an  ability  and  the  gut  may  as  well. 
Further  refinements  of  the  Stolwijk  model  will  increase  com¬ 
putational  demands  correspondingly. 

The  question  arises:  Is  the  Stolwijk  model  a  suffi¬ 
ciently  refined  one  to  predict  the  thermal  responses  of  man 
to  RF-energy  deposition?  A  considerable  amount  of  work  has 
been  done  so  far  with  thermodes  which  inject  a  known  amount 
of  energy  at  a  chosen  site  in  the  body  of  test  animals  and 
much  has  been  learned  from  this.  But  it  will  be  difficult, 
if  not  impossible,  to  subject  man  to  RF-energy  inputs  which 
are  high  enough  to  evoke  a  response  and  compare  this  re¬ 
sponse  with  the  model.  Furthermore,  our  ability  to  locate 
precisely,  inside  the  human  body,  known  amounts  of  RF-energy 
is  not  advanced,  even  though  we  have  learned  much  about  the 
principles  which  govern  energy  absorption  in  man. 

Let  us  next  look  at  what  has  been  accomplished  by  apply¬ 
ing  physiological  and  regulatory  considerations  to  RF-energy 
absorption  studies. 
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IV.  THERMOREGULATION  AT^D  MICROWAVES 


A.  Perception  of  Microwaves 

Early  interest  in  physiological  responses  to  microwaves 
concerned  the  problem  of  whether  microwaves  can  be  perceived 
soon  enough  to  prevent  tissue  damage.  Extensive  work  had 
been  done  on  the  threshold  of  perception  of  infrared  by 
Hardy  and  his  colleagues.  From  their  data  it  appears  that 
perception  occurs  at  intensity  levels  below  those  needed  to 
cause  injury.  Microwaves  of  sufficiently  low  frequency  do 
penetrate  much  deeper  than  infrared  and  the  possibility  re¬ 
mains  that  below  the  skin,  higher  temperature  elevations 
could  occur  than  at  the  surface.  Adequate  detection  relies 
primarily  on  skin  temperature  receptors.  It  could  be  argued 
therefore  that  microwave  perception  cannot  be  necessarily 
relied  upon  to  prevent  damage.  The  question  of  whether  un¬ 
due  heat  input  from  RF  radiation  may  lead  to  sufficient  dis¬ 
comfort  to  motivate  escape  from  such  exposure  was  recently 
discussed  again  at  a  workshop  on  thermal  physiology  (1980) . 

Dr.  Adair  stated:  "Thermal  comfort  and  discomfort  are  very 
strong  motivating  conditions  for  humans  particularly,  and 
for  animals.  When  any  form  of  thermal  discomfort  is  pro¬ 
duced  either  by  the  environment  or  deep  in  the  body  core,  I 

the  organism  immediately  initiates  behavioral  action  to  rem¬ 
edy  the  situation . " 

She  went  on  to  state:  "Although  a  source  of  thermal 
energy  may  not  trigger  the  receptors  in  the  skin  so  that  it 
is  directly  sensed,  there  is  a  good  deal  of  e3q)erimental 
evidence  that  shows  that  behavioral  and  physiological  action 
Ccui  be  initiated  through  thermal  stimulation  at  specific 
sites  inside  the  body  in  the  absence  of  a  specific  sensory 
cue.  It  is  unknown  how  many  of  these  specific  sites  would 
be  involved,  for  example,  in  a  whole-body  exposure  to  micro- 
wave  radiation.  However,  the  sites  are  there  and  a  great 
many  of  them  are  sensitive  and  have  implications  for  thermo¬ 
regulatory  behavior  as  well  as  physiological  responses." 

The  question  of  whether  thermal  discomfort  resulting  from  : 

microwave  e3q)osure  can  be  relied  upon  to  prevent  harm  should  ‘ 

be  pursued  further.  j 

Even  in  the  sinpler  case  of  microwave  perception,  only  a  1 

limited  amount  of  data  exists.  Hendler,  et  al.  (1963),  in 
Hardy's  laboratory,  investigated  threshold  values  of  cuta¬ 
neous  warmth  for  3  cm  microwave  radiation  and  infrared. 

Soirtewhat  later,  threshold  determinations  were  carried  out  in 
our  laboratory  at  about  10  cm  (2880  MHz)  (Schwan,  et  al., 

1966) .  Conpariscns  of  infrared  and  10  cm  microwave 
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threshold  values  were  also  carried  out  by  Vendrik  and  Vos 
(1958) .  Ej^erimental  procedures  were  different  in  these 
cases,  making  it  somewhat  difficult  to  state  clearly  abso¬ 
lute  threshold  values  for  all  conditions  of  practical 
interest.  It  appears  that  warmth  thresholds  for  microwaves 
are  well  above  those  for  infrared.  (See  chapters  9  and  10 
for  further  discussion  of  these  studies).  For  example,  for 
3  GHz  radiation,  the  sensitivity  is  quoted  by  Vendrik  and 
Vos  to  be  about  tenfold  higher  than  for  infrared,  reflecting 
the  great  difference  in  absorption  coefficients.  Since 
absorption  coefficients  chcuige  strongly  with  frequency  be¬ 
tween  1  GHz  and  10  GHz,  differences  between  infrared  and 
microwave  sensitivities  should  also  change  significantly 
through  this  frequency  range  and  somewhat  less  outside  this 
range.  This  argument  is  based  on  the  assumption  that  ejq)o- 
sure  times  needed  to  achieve  perception  are  much  shorter 
than  thermal  time  consteints.  Since  the  for.  £r  are  usually 
measured  in  seconds  and  the  latter  in  minutes,  this  appears 
to  be  justified.  The  reported  microwave  flux  at  threshold 
is  above  flux  levels  listed  in  the  current  ANSI  standard  and 
therefore  perception  cannot  be  relied  upon  to  prevent  undue 
exposure . 


B.  Temperature  Increase  (Simpler  Models) 

Earlier  attenpts  to  treat  mathematically  the  problems  oi 
tenperature  elevation  assumed  of  necessity  simple  semi¬ 
infinite  tissue  slabs  exposed  to  radiation.  Cook  treatr  ; 
this  problem  by  relying  on  a  solution  of  the  pertinent  dif 
ferential  equation  given  by  Vendrik.  Vendrik  never  pub¬ 
lished  the  derivation  of  his  formula  and  his  equation  has  no 
finite  steady  state  solution.  Recently  Foster,  et  al. 
(1978)  recognized  that  blood  flow  must  also  be  considered  to 
achieve  a  steady  state  solution. 

The  Foster,  et  al.  solution  provides  a  convenient 
appraisal  of  optimal  tenperature  elevations  with  or  without 
surface  cooling.  The  results  may  be  summarized  as  follows: 
Surface  cocTing  can  lower  the  temperature  only  to  a  depth 
equal  to  tf  a  thermal  penetration  depth  from  the  surface. 
The  spatial  tenperaturt,  distribution  is  independent  of  fre¬ 
quency  if  the  radiation  depth  of  penetration  is  shorter  than 
the  thermal  penetration  depth.  Here  the  thermal  penetration 
length  is  defined  as  the  distance  from  the  surface  required 
to  reduce  the  tenperature  by  a  factor  of  tvro  if  only  surface 
heating  is  applied.  For  typical  blood  flow,  it  has  a  value 
of  nearly  1  cm.  Microwaves  have  a  coiparable  penetration  at 
about  2  GHz.  Above  this  frequency,  heat  conduction  rather 


10 


Herman  P.  Schwan 


than  microwave  penetration  is  predicted  to  be  largely 
responsible  for  observed  temperature  elevations.  The  solu¬ 
tion  of  Foster,  et  al.  also  provided  further  justification 
for  the  6-minute  time  constant  incorporated  in  the  ANSI 
standard. 

The  next  model  investigated  in  our  laboratory  was  that  of 
an  idealized  hot  spot  of  1  cm  radius  having  the  shape  of  a 
pedestal  function  (Kritikos  and  Schwan,  1978) .  The  hot  spot 
dimension  was  assumed  to  be  small  conpared  with  that  of  the 
surrounding  medium.  Therefore,  the  tenperature  elevation  in 
such  a  hot  spot  formed  inside  the  h'oman  head  is  rather  inde¬ 
pendent  of  the  surface  conditions.  Heat  conduction  as  rfell 
as  blood  flow  were  incorporated  in  the  model  and  time- 
dependent  as  well  as  steady  state  solutions  for  the 
spatially-dependent  temperature  increase  were  calculated. 

This  model  w.xs  later  elaborated  on  by  replacing  the 
pedestal- type  hot  spot  by  the  actual  hot  spots  generated  by 
1000  MHz  irradiation  in  a  small  head  (Kritikos,  et  al.  1979, 
1982;  Burr,  et  al.  1980)  .  The  results  predicted  by  the 
models  of  these  two  groups  are  virtually  identical  with  re¬ 
gard  to  all  important  aspects.  Both  groups  conclude  that 
the  simple  pedestal  hot  spot  function  provides  a  good 
approximation  for  optimal  tenperature  values.  For  example. 
Burr,  et  al .  give  for  the  exact  hot  spot  a  temperature  ele¬ 
vation  of  0.26  "C,  while  the  pedestal-type  hot  spot  yields 
0.33  °C.  Spatial  SAR  variations  over  distances  smaller  than 


TABLE  IV.  Temperature  Increase  (Simple  Models) 


Semi-infinite  plane  (Cook;  Foster,  et  al.) 

"Pedestal"  hot  spot  in  tissue  medium  (Kritikos,  et  al.) 

Actual  SAR  distribution  in  tissue  sphere  (Kritikos,  et  al .  ; 
Burr,  et  al.) 

Some  results; 

Thermal  penetration  length  vs 
Radiant  penetration  length  D 

(Importance  of  D  ^  on  temperature 
distribution.)  ^ 

Comparison  of  "pedestal"  vs  actual  SAR  distribution 
10  mW/cm^  ->-0.5  °C  in  head  and  slab  models 
(dependent  on  blood  flow) 
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the  thermal  penetration  length  are  fairly  well  smoothed  over 
by  heat  exchange.  Furthermore,  actual  hot  spot  dimensions 
as  reflected  by  their  temperature  profiles  cannot  have  a 
radius  smaller  than  the  thermal  penetration  length,  i.e., 
about  1  cm. 

Tc±)le  IV  lists  results  from  the  model  studies  discussed 
above. 

It  is  also  of  interest  to  conpare  the  tenperature  eleva¬ 
tion  in  the  center  of  the  hot  spot  with  the  average  tenpera- 
ture  elevation  if  no  hot  spot  exists  when  the  irradiated 
head  is  maintained  at  its  steady  state  temperature  by  blood 
exchange  with  the  rest  of  the  body.  In  this  case,  the  tem¬ 
perature  increase  is  calculated  to  be  almost  a  hundredfold 
lower  than  in  the  hot  spot  (Kritikos  and  Schwan,  1978). 


C.  Compartmental  Model.s  and  Microwaves 

During  the  past  half  decade  several  attenpts  were  made  to 
combine  the  thermoregulatory  models  with  RF  absorption  data. 
Table  V  indicates  these  first  attempts.  Emery,  et  al. 
(1975,  1976)  used  Stolwijk's  thermoregulatory  model  for  two 
cases.  In  one  case,  heat  deposition  was  assumed  to  be  in 
the  head  alone  and  in  the  other  case,  the  total  body  was 
exposed.  Skin  responses  were  stated  to  be  more  pronovinced 
than  core  responses.  The  results  were  strongly  dependent  on 
the  assumed  model  of  sweat  production.  Later,  Guy,  et  al. 


TABLE  V.  Temperature  Increase  (Conpartmental  Models) 


) 


whole  body  heat  load 
Head  heat  load 
Whole  body,  cell  model 
Hot  spot  (Hypothalamus) 
Some  results: 


Guy ,  Emery 

Spiegel 
Way,  et  al. 


Significant  heat  load  in  legs  and  thighs  for 
10  mW/cm^  in  resonance  range 

Significant  physiological  responses  for  hot  spot  in  hypo¬ 
thalamus  for  10  raW/cm^,  hot  spot  range. 
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(1978)  used  the  Stolwijk  model  again  to  investigate  the 
e:g)osure  of  mem  in  the  resonance  range .  For  an  incident 
flux  of  only  10  nW/cm^,  significant  temperature  elevations 
in  man's  legs  were  predicted.  More  recently,  Spiegel,  et 
al.  (1980)  carried  out  a  detailed  analysis  for  the  same 
exposure  conditions,  using  a  cell  model  of  man  to  account 
for  the  spatial  variations  in  Unacceptable  temperature 
elevations  in  the  thigh  were  predicted. 

In  these  attenpts,  the  number  of  compartmental  elements 
was  of  necessity  small.  For  example,  Spiegel  used  a  modi¬ 
fied  Stolwijk  model  with  15  segments.  The  core  of  the 
trunk,  head,  etc.,  were  each  represented  as  one  unit,  even 
though  their  total  input  from  radiant  heat  may  have  been 
accoitplished  by  the  use  of  a  more  detailed  cell  block  model 
of  man.  Thus,  it  is  not  possible  to  predict  the  exj.stence 
of  large  local  temperature  elevations  in  small  parts  of  the 
total  segmental  volume.  For  excuiple,  the  case  of  hot  spots 
in  the  brain  cannot  be  considered  adequately.  The  case  of  a 
local  hot  spot  in  the  position  of  the  hypothalamus  was 
investigated  by  Way,  et  al.  (1982),  utilizing  Stolw.^jk's 
model  but  adding  an  extra  segment  for  the  hot  spot.  Con¬ 
sidering  SAP.  values  for  the  hot  spot  in  the  10  to  20  itW/g 
range,  significant  but  tolerable  physiological  responses 
were  predicted.  The  quoted  SAP  values  correspond  to  a  head 
e^qjosure  at  about  10  mW/cm^  in  the  frequency  range  which  can 
be  used  to  generate  such  hot  spots,  i.e.,  0.5  to  2  (3Iz. 

In  the  frequency  range  over  which  hot  spots  may  occur 
model-builders  may  be  faced  with  the  task  of  combining  the 
detailed  cell  block  models  developed  for  the  study  of  RF- 
and  microwave  absorption  with  equally  finely  sub-divided 
thermoregulatory  models  of  man.  This  may  be  beyond  our 
present  capeibilities ,  Above  the  frequency  range  of  hot 
spots,  the  situation  simplifies  since  surface  heating  is 
domincint.  The  application  of  thermoregulatory  models  in  the 
case  of  PF-  or  microwave  energy  input  is  possible  in  the 
case  of  surface  heating,  and  perhaps  outside  the  frequency 
range  over  which  hot  spots  occur  (i.e.,  from  0.3  to  3  GHz). 
In  the  hot  spot  range,  the  models  must  be  refined  to  account 
for  local  strong  effects.  Clearly,  we  have  a  long  way  to  go 
before  we  can  fully  predict  man's  thermal  response  to  radio¬ 
frequency  radiant  energy. 
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CHARACTERIZING  THE  THERMAL  ENVIRONIiENT 


Larry  G.  Berglund 

Jonn  B.  Pierce  Foundation  Laboratory 
New  Haven,  Connecticut 


INTRODUCTION 


The  energy  exchange  between  a  man  and  the  environment  is  an 
important  determiner  of  his  comfort,  well-being,  and  phys¬ 
ical  health.  These  energy  flows  depend  on  a  number  of  para¬ 
meters  of  the  thermal  environment  and  the  individual. 
Fortunately,  due  primarily  to  the  work  of  Gagge  and  his 
associates  (1940,  1941,  1967,  1970)  at  the  Pierce  Labora¬ 
tory,  many  of  these  parameters  can  be  combined  for  the  pur¬ 
pose  of  characterizing  the  thermal  environment's  potential 
for  heat  transfer.  Microwaves  represent  a  new  path  in  the 
energy  exchange  spectrum  and  it  will  be  shown  that  this  new 
type  of  sensible  or  dry  heat  exchange  can  be  characterized 
using  the  traditional  methods. 

The  heat  transfer  pathways  are  illustrated  in  Figure  1. 
Heat  is  produced  in  the  body  by  metabolism  (M)  ,•  in  addition, 
heat  may  enter  the  body  from  the  absorption  of  microwave 
radiation  (AMicro) .  For  thermal  stability,  this  energy  must 
be  continually  transferred  to  the  environment.  The  balance 
between  energy  production  and  loss  is  so  regulated  by  behav¬ 
ioral  and  physiological  adjustments  that  the  temperatures  of 
the  body's  core  and  skin  are  mi  ntained  within  narrow 
limits . 

Energy  may  be  lost  by  doing  work  (force  x  distance)  on 
the  surroundings,  through  respiration  and  by  heat  transfer 
from  the  skin.  Respiratory  losses  (Q  )  are  generallv 
small.  In  typical  comfort  situations,  mosr.  of  the  heat  is 
lost  from  the  skin  by  convection  (Q  )  to  the  surrounding  air 
and  radiation  (Q  )  to  the  surroun&ng  walls  and  surfaces. 
In  nonsweating  situations ,  there  is  an  additional  small  loss 
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M  +  A  Micro  •  WORK  +  +  ©c  + 

Figure  1.  The  energy  flows  between  man  and  the  environ¬ 
ment. 


by  the  diffusion  of  water  vapor  through  the  skin 
In  warm  or  hot  conditions ,  the  evaporation  of  regulatory 
sweat  (E  )  can  become  a  powerful  mechanism  for  heat  dis¬ 
sipation. 

Convective  heat  loss  increases  with  increasing  air  motion 
(V)  and  decreasing  air  temperature  (T  )  .  At  very  low  room 
air  speeds,  convection  continues  from  the  warm  bouyant  air 
rising  next  to  the  body.  Radiation  losses  increase  in 
proportion  to  the  difference  between  the  mean  radiant  temper¬ 
ature  of  the  surrounding  surfaces  and  the  surface  tempera¬ 
ture  of  the  individual.  The  mean  radiant  temperature  (T  ) 
is  defined  as  the  temperature  of  an  imaginary  isothermal 
black  enclosure  in  which  an  occupant  would  exchange  the  same 
amount  of  heat  by  radiation  as  in  the  actua]  nonuniform 
environment.  In  interior  rooms  of  buildings  away  from 
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perimeter  walls  and  in  the  absence  of  other  heated  or  cooled 
surfaces,  the  air  and  mean  radiant  temperatures  are  usually 
approximately  equal.  Respiratory  heat  losses  depend  on  air 
temperature,  humidity,  and  the  rate  of  ventilation,  which  in 
turn  are  proportional  to  metabolism.  The  mass  or  evapora¬ 
tive  heat  transfer  terms,  E,.-.  and  E  ,  are  both  affected 

QXff  JTSW 

by  humidity  and  air  motion. 

Two  other  parameters  that  affect  the  energy  flow  are 
metabolism  and  clothing  insulation.  Metabolism  is  charac¬ 
terized  by  a  unit  called  the  met-  The  energy  produced  by  a 
resting  person  per  unit  body  surface  area  (58  W/m^)  is  arbi¬ 
trarily  defined  as  1  met.  Clothing  is  also  inportant  since 
it  adds  thermal  resistance  to  the  heat  path  between  the  skin 
and  surrounding  environment.  The  resistance  is  character¬ 
ized  with  the  do  unit  (1  do  or  0.155  Wm  ^)  .  One  do  of 
clothing  insulation  can  keep  a  resting  human  "comfortable" 
at  21  “C  (70  °F) . 

In  cool  environments,  the  resulting  losses  may  be  burden¬ 
some  even  with  autonomic  and  behavioral  adjustments.  Under 
such  conditions,  the  overall  energy  balance  equation  of 
Figure  1  indicates  that  absorbing  microwave  energy  within 
the  body  is  a  novel  way  to  supplement  insufficient  metabolic 
heat,  balance  the  energy  equation,  and  reduce  the  stress  and 
discomfort  of  a  cold  environment. 


OPERATIVE  TEMPERATURE 


The  dry  heat  transfer  per  unit  area  for  convection  and 
radiation  can  be  written  as 


q  +  q  =  h 
^c  ^r  c 


(T  -T  )  +  h 
s  a  r 


(T  -T  ) 
s  r 


(1) 


where  h  is  the  convective  heat  transfer  coefficient,  h  is 

C  JT 

the  linearized  radiant  heat  transfer  coefficient  and  T  is 

3 

the  mean  surface  temperature  of  the  individual,  whether  skin 

or  clothincr.  For  humans,  h  has  a  minimum  value  of  about 

^.9  Wm  •^C  ^  at  low  air  speeds  and  can  be  predicted  from  h  = 

0. 53  ^ 

8.6  V  '  for  air  speeds  (V)  above  0.15  m/s.  The  radiation 

coefficient  (H  )  for  energy  transfer  from  a  human  to  his 

equivalent  blac^:  body  surrounding  can  be  shown  to  be 


h  =  4  e  f  a  I(T  +  T  )/2  +  273] ^  (2) 
r  eff  a  r 

where  o  is  the  Stefan-Boltzmann  constant  (5.67  *  10  ®  Wm  ^ 
K  **) .  Assuming  a  skin  or  clothing  emissivity  (e)  of  0.95, 
the  ratio  of  area  effective  for  radiation  to  the  total 
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surface  area  (f  of  0.70  (some  of  the  surface  between 
legs,  arms  and  Angers  is  ineffective)  and  a  typical  com¬ 
fortable  temperature  of  25  ''C,  h  =  4.0  WM 

The  dry  heat  transfer  of  equation  1  and  the  description 
of  the  environment  can  be  sin^ilif ‘.ed  by  some  algebraic  rear¬ 
rangement  as  follows: 


(hc  + 


T 

s 


T  +  h  T  ) 
a  r  r 


(3) 


and  by  factoring  out  h^  +  h^ 


q  +  q  =  (h  +  h  ) 
c  r  c  r 


[T 


(h  T  +  h  T  )/(h  +  h  )  ]  (4) 

c  a  r  r  c  r 


where  now  equation  4  quantifies  the  heat  transfer  by  radia¬ 
tion  and  convection  between  the  surface  of  the  individual  at 
temperature  T  and  the  environment,  whose  temperature  is  the 
average  of  t^e  air  and  mean  radiant  temperatures,  weighted 
by  the  respective  heat  transfer  coefficients.  This  average 
environmental  temperature  is  called  the  operative  tempera¬ 
ture  (T  )  and  characterizes  the  environment  for  dry  heat 
transfe°  (Gagge,  1940).  Thus  equation  4  becomes 


%*%’■  -  “r’  -  ■'o’ 

where  T  =(h  T  +h  T)/(h  +h).  Operative  temperature 
is  the  ?enperature  of  an^imaginary  uniform  environment  (T  = 
T  )  that  will  transfer  dry  heat  at  the  same  rate  as  in  the 
actual  nonuniform  environment  (T  =  T  ) . 

Over  a  limited  range,  a  person's  thermal  sensations  on  a 
scale  from  warm  to  cool  are  linearly  related  to  the  opera¬ 
tive  temperature  (Gagge,  1973) . 


CLOTHING 


Clothing  acts  as  a  buffer  between  the  skin  and  the  envi¬ 
ronment  and  adds  resistance  to  the  flow  of  dry  heat  from  the 
skin.  The  resistance  as  previously  mentioned  is  described 
by  a  unit  called  the  do.  A  business  suit  is  about  1  do 
and  a  pair  of  shorts  about  .05  do.  The  do  unit  i.s  the 
effective  resistance  for  the  whole  body  even  though  the  par¬ 
ticular  garment  may  cover  only  a  small  part.  Numerically 
one  do  has  a  thermal  resistance  of  0.155  m^CA?  (Gagge, 
1941)  .  The  insulation  of  clothing  is  primarily  due  to  air 
trapped  in  the  fabric.  This  air  is  also  the  major  source  of 
vapor  resistance.  Thus,  the  do  value  of  an  ensemble  also 
provides  a  good  method  of  estimating  its  water  vapor 
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Figure  2.  Clothing  insulation  necessary  for  various 
levels  of  comfort  at  a  given  temperature  during  light,  main¬ 
ly  sedentary,  activities  (<  1.2  met). 


resistance.  The  vapor  resistance  in  torr*m^A^  is  approxi¬ 
mately  0.065  times  the  do  value  (Nishi,  1970). 

The  relationship  between  clothing  insulation  and  opera¬ 
tive  temperature  for  the  comfort  of  a  sedentary  person  is 
shown  in  Figure  2.  The  figure  shows  that  for  a  given  oper¬ 
ative  temperature  there  is  a  range  of  clothing  levels  in 
which  80%  or  more  of  the  population  would  find  the  environ¬ 
ment  thermally  acceptable  (ASHRAE,  1981).  For  example,  at 
22  °C  (72  °F)  ,  the  clothing  range  is  O.fo  to  1.2  do.  The 
insulation  value  of  a  long  sleeved  shirt  and  trousers  is 
about  0.6  do;  a  winter  business  suit  with  a  vest  is  about 
1.2  do.  At  22  °C  a  person  wearing  1.2  do  would  feel 
"slightly  warm"  while  the  person  wearing  0.6  do  would  feel 
"slightly  cool".  Similarly,  Figure  2  indicates  that  with  a 
business  suit,  an  environment  between  18  °C  (65  °F)  and 
22  °C  (72  ®F)  would  be  thermally  acceptable  to  sedentary 
persons  while  the  0,6  do  shirt  and  trousers  ensemble  would 
be  acceptable  in  the  22-25.5  °C  (72-78  °F)  range. 
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^igtire  3.  Optimum  operative  temperature  for  active 
peopifc  in  environments  of  low  air  movement. 


ACTIVITY 


Since  heat  production  increases  with  activity,  to  trans¬ 
fer  the  increased  heat  and  maintain  comfort,  the  ambient 
operative  temperature  must  decrease  (Figure  3) .  Fortu¬ 
nately,  the  increased  activity  results  in  increased  relative 
air  motion  and  convective  heat  transfer  so  that  the 
operative  temperature  need  not  be  decreased  as  much  as  it 
would  if  there  were  no  increased  air  motion. 


EFFECTIVE  RADIANT  FLUX 


Another  way  to  characterize  the  radiant  component  of  the 
thermal  environment  is  with  effective  radiant  flux  (ERF) . 
This  concept,  proposed  by  Gagge,  et  al,  (1967),  is  appli¬ 
cable  to  microwave  comfort  heating  and  its  introduction  here 
may  increase  the  understanding  of  microwave  heating  of 
humans .  The  energy  balance  for  heat  exchange  at  the  surface 
of  an  individual  is 


M 


sk 


(T  -T  )  +  h 


r 


(T  -T  )  +  E 
s  r 


V 


(6) 


where  is  the  net  metabolic  energy  to  be  dissipated  from 
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the  skin  and  E  is  for  the  evaporative  heat  losses.  By 
adding  +T  -T  to  the  radiation  term  of  equation  6  it  can  be 
rearranged  to^ 

M  ,  =  (h  +  h  )  (T  -T  )  -  h  (T  -T  )  +  E  (7) 

sk  crsa  rra  v 

where  the  first  term  on  the  right  represents  the  convective 
and  radiant  heat  transfer  between  the  individual  and  a  uni¬ 
form  environment  at  air  temperature  (T  ) .  The  second  term 
on  the  right  is  the  effective  radiant  flux  (ERF)  and  repre¬ 
sents  the  radiant  energy  absorbed  by  the  body  that  occurs 
when  the  mean  radiant  teonperature  (T  )  is  greater  than 
the  air  temperature.  Thus,  the  energy  balance  becomes 

M  ,  +  ERF  =  h(T  -T  )  +  E  (8) 

sk  s  a  v 

where  h  =  h  +  h  .  The  equation  states  that  at  equilibrium 
the  net  metabolic  energy  plus  the  absorbed  radictnt  energy 
equals  the  energy  transferred  to  a  uniform  environment  at 
temperature  T  .  In  terms  of  operative  temperature,  the  dry 
heat  trams fer  terms  of  equation  7  or  8  can  be  expressed  as 

h(T  -T  )  =  h(T  -T  )  -  ERF  (9) 

SO  S3 


or 


T  =  T  +  ERF/h.  (10) 

O  3 

The  ERF  concept  was  demonstrated  experimentally  at  the 
Pierce  Laboratory  through  the  use  of  two  IR  quartz  lamps 
directed  45®  downward  at  a  seated  subject  (Figure  4) .  As 
the  air  temperature  was  increased  and  decreased  in  1  °C 
steps,  the  subject  was  asked  to  adjust  the  power  to  the  IR 
heaters  to  maintain  thermal  comfort.  Simultaneous  obser¬ 
vations  of  ERF  and  T  ,  chosen  for  comfort  by  four  normal 
male  subjects,  both  unclothed  and  clothed,  are  shown  in 
Figures  4  and  6.  The  negative  slopes  of  the  ERF  vs  T  lines 
for  either  clothed  or  unclothed  conditions  are  essentially 
identical,  as  expected  from  equation  10.  The  values  of  ERF 
and  T  describe  a  locus  of  constant  operative  temperature, 
T  ,  w^ose  value  is  indicated  by  the  temperature  intercept 
with  ERF  -  0.  The  T  for  comfort  decreases  approximately 
6.7  °C/clo  (12  °F/clo)  as  clothing  insulation  is  added.  In 
Figure  7,  the  loci  of  ERF  and  T  have  been  drawn  for  three 
clothing  insulations  -  unclothed,  0.6  do  and  1.2  do  (Berg- 
lund  and  Gagge,  1979).  The  lines  have  been  calculated  with 
a  dynamic  digital  model  of  temperature  regulation  (Gagge,  et 
al. ,  1976).  Each  locus  represents  a  condition  where 
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Figure  4.  Diagram  showing  relation  of  sxibject's  chair  to 
the  two  sources  of  infrared  radiation. 

regulatory  sweating  is  negligible  and  a  state  of  thermal 
comforts  exists.  The  negative  slope  of  each  locus  is 
approximately  h.  Increasing  air  novement  (V)  causes  the 
loci  to  become  more  vertical  and  thus  reduces  the  effect! /e- 
ness  of  ERF  for  producing  comfort.  Increased  clothing  i.isu- 
lation  as  noted  experimentally  in  Figures  5  and  6  does  not 
change  these  negative  slopes  but  only  displaces  the  comfort 
loci  to  lower  tenperatures . 


MICROTAVES  AND  OPERATIVE  TEMPERATURE 


The  overall  energy  balance  equation  including  absorbed 
microwaves  (AMicro)  can  be  written  as 

M  +  AMicro  =  Work  +  Q  -  Evap  =0  +  Q  .  (11) 

res  c  r 

If  this  equation  is  rewritten  with  all  the  sensible  or  dry 
forms  of  energy  exchange  grouped  on  the  right,  the  result  is 

M  -  Work  -  Sj.gg  "  Evap  =  -  AMicro.  (12) 
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Figure  5.  Radiant  heat  required  for  comfort  of  unclothed 
sedentary  subjects. 


The  Q  and  Q  terms  represent  heat  flow  away  from  the  body; 
AMicro  is  a  Aow  into  the  body.  The  dry  energy  flow  can  be 
normalized  by  dividing  by  the  body  surface  area  (Aj^) 

(Q^  +  Q^-AMicro) /Ajj  =  \  (^3) 

Previously,  the  environment's  potential  for  dry  heat  trans¬ 
fer  has  been  characterized  with  the  operacive  temperature. 
In  this  case: 

(h  +  h  )  (T  -T  )  =  h  (T  -T  )  +  h  (T  -T  )-AMicro/A_. (14) 
c  r  so  csa  rsr  D 

Solving  for  operative  tenperature  T^ 

T  =(h  T  +h  T)/h+  AMicro/ (h  A_) . 
o  c  a  r  r  D 


(15) 


10  IS  20  25  30  3! 
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Figure  6.  Radiant  heat  required  for  comfort  of  sedentary 
subjects  in  normal  clothing. 


Equation  13  can  also  be  written  in  terms  of  ERF  as 

T  =  T  +  ERF/h  +  AMicro/(h  A J .  (16) 

o  a  D 

With  the  exception  of  the  AMicro  term,  the  equations  are 
familiar  from  the  prior  discussion  about  ERF.  In  equations 
15  &  16  one  sees  the  effect  of  microwave  radiation  is  simi¬ 
lar  to  that  of  infrared;  it  increases  the  effective  opera¬ 
tive  temperature  and  thus  the  space  feels  warmer  than  the 
air  temperature.  If  the  air  and  wall  temperatures  are 
approximately  equal  (T  =  T  ,  ERF  =  Q)  as  is  often  the  case 

T  =  T  +  AMicro/(h  h) .  (17) 

o  a  D 

The  operative  tenjjerature  of  an  environment  is  a  good  indi¬ 
cator  of  the  comfort  and  thermal  sensations  e3q)erienced. 
For  a  given  level  of  thermal  sensation,  activity,  and  clo¬ 
thing,  the  operative  temperature  is  constant.  Thus  equation 
17  can  be  rearranged  to  equation  18  which  predicts  the  air 
temperature  for  comfort  defined  by  the  operative  temperature 
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EFFECTIVE  RADIANT  FIELD  FOR  COMFORT 


Figure  7.  Effective  Radiant  Field  (ERF)  for  comfort  with 
various  levels  of  clothing  insulation. 


at  a  given  microwave  energy  level 

-  AMicro/(h  •  (i8) 

The  absorbed  microwaves  can  be  expressed  more  quantita¬ 
tively  in  terms  of  the  incident  power  density  (IPD) ,  the 
projected  area  of  the  person  that  intercepts  the  radiation 
(A  )  and  the  fraction  of  the  incident  radiation  that  is 
absorbed  (a) .  The  absorbed  microwaves  can  also  be  expressed 
in  terms  of  the  specific  absorptance  rate  (SAR,  Watts 
absorbed  per  kilogram  of  body  weight)  and  body  weight  (wt) . 

AMicro  =  a  A  IPD  W  (19) 

P 
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or 


AMicro  =  SAR  wt.  W  (20) 

Using  these  quantities,  equation  17  becomes 

T  =  T  +  a  f  IPD/h  (21) 

o  a  p 

and 

+  SAR  wt/(h  A^)  (22) 

where  f  =  ratio  of  projected  to  total  area  or  A^/A  . 

HumaH  data  to  demonstrate  the  operative  temperature  con¬ 
cept  with  microwaves  is  unknown  or  unavailable  but  Adair  and 
Adams  (1980,  1982)  have  carried  out  some  applicable  micro- 
wave  experiments  with  squirrel  monkeys.  The  monkeys  were 
trained  to  sit  in  a  chair  and  to  regulate  the  temperature  of 
the  air  flowing  through  a  microwave  anechoic  chamber.  The 
monkeys  were  instrumented  for  the  measurement  of  skin  and 
rectal  tenjieratures .  Results  are  shown  in  Figure  8  for 
microwave  exposures  lasting  10  and  150  minutes  to  one  side 
of  the  monkey.  As  the  power  density  increased,  the  monkeys 
chose  to  regulate  the  temperature  of  t5ie  flowing  air  to 
lower  and  lower  levels.  The  air  speed  during  tlie  10  minute 
exposures  was  slower  (0.11  m/s)  than  during  the  2  1/2  hr 
exposures  (0.35  m/s)  and  may  account  for  the  slope  differ¬ 
ences  in  Figure  8.  The  animals  may  be  assumed  to  have  regu¬ 
lated  the  environmental  temperature  behaviorally  to  maintain 
a  constant  level  of  comfort.  Tlieir  skin  and  rectal  tempera¬ 
tures  remained  constant  throughout  each  experiment.  With 
zero  radiation  the  monkeys  regulated  the  air  temperature  to 
about  35.5  and  35.8°C  for  the  150  and  10  minute  e^qjosure 
ejcperiments .  Thus,  the  lines  can  be  considered  constant 
operative  tempt -ature  lines  of  35.5  and  35.8°C  and  to  cor¬ 
respond  to  equation  18.  The  response  of  the  monkeys  to 
microwaves  in  Figure  8  is  analogous  to  the  human  responses 
to  infrared  in  Figures  5  and  6. 

The  behavioral  data  together  with  the  tiieory  of  operative 
temperature  can  be  used  to  evaluate  some  of  the  elusive 
microwave  parameters  such  as  absorptance  (a)  and  SAR.  For 
exait^le,  if  equation  21  is  rearranged  and  solved  for  absorp¬ 
tance 

a  =  (T  -  T  )  h/(f  IPD).  (23) 

o  a  p 

This  equation  was  used  to  determine  a  from  the  2  1/2  hr 
behavioral  data  of  Adair  and  Adams  in  Figure  8  where  at  a 
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Figure  8.  Air  temperature  chosen  by  sedentary  squirrel 
monkeys  e:q)osed  unilaterally  to  a  homogeneous  microwave 
field  in  an  anechoic  chamber. 


IPD  of  20  itiW/cm^  (200  W/m^)  the  animals  chose  to  decrease 
air  temperature  3°C.  The  convective  heat  transfer  coeffi¬ 
cient  (h  )  was  calculated  as  that  of  an  equivalent  sphere 
with  a  surface  area  equal  to  that  of  the  monkey.  This  is  a 
procedure  advocated  by  Bapp  (1968)  for  seated  humans.  The 
surface  area  of  the  monkey  was  estimated  using  the  equation 
developed  for  squirrel  monkeys  (Am  =  0.11  wt^' ^m^)  by  Stitt, 
et  al.  (1971).  These  assumptions  allowed  the  combined  I'  at 
transfer  coefficient  (h  +  h  )  to  be  estimated  at  12.3  W 
m  The  projected  area  (if  )  was  determined  from  photo¬ 
graphing  the  silhouette  of  scfiie  seated  monkeys  of  average 
body  mass.  The  resulting  projected  area  factor  (f  =  A  /A^) 
was  thus  determined  to  be  0.295.  Substituting  thlse  values 
into  equation  23 

a  =  3  *  12.3/(0.295*200)  =0.63 
which  is  a  reasonable  value  for  the  eibsorptance  of  a 
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squirrel  monkey. 

The  specific  absorption  rate  (SAR)  can  also  be  estimated 
from  the  behavioral  data  of  Figure  8.  Rewriting  equation  20 

SAR  =  AMicro/wt  (24) 

and  substituting  equation  19  for  AMicro  into  24,  it  follows 


SAR  =  a  f  Am  IPD/wt. 
P 


W/kg 


(25) 


Substituting  the  squirrel  monkey  surface  area  equation  into 
the  above,  SAR  becomes 


SAR  =0.2  IPD/wt 


1/3 


W/kg 


(26) 


where  IPD  is  in  mW/cm^.  Since  a  squirrel  monkey  weighs 
about  1  kg, 


SAR  =0.2  IPD 


(27) 


MICROWAVE  COMFOR  :  HEATING  OP  HUMANS 


Comfort  heating  of  hiuaans  by  microwaves  as  a  means  to 
conserve  energy  has  been  proposed  by  Pound  (1980) .  If  the 
operative  temperature  characterization  that  includes  micro- 
wave  energy  is  valid,  then  the  traditional  analytical 
methods  may  be  used  to  make  predictions  and  estimates  about 
comfort  heating  with  microwaves.  Some  predictions  of  what 
the  air  tenperature  should  be  for  various  levels  made  with 
equation  21  for  sedencary  humans  in  still  air  are  demon¬ 
strated  in  Figure  9.  TWo  families  of  curves  are  shown.  One 
family  is  for  nude  persons  (0  do)  and  the  other  is  for  per¬ 
sons  wearing  a  warm  vested  suit  or  similar  clothing  (1.2 
do) .  The  curves:  are  loci  of  constant  operative  temperature 
(19.5  and  2  7.5  °C)  and  thereby  constant  comfort  is  assumed. 
For  each  clothing  level  there  are  operative  temperature 
lines  for  beam  and  diffuse  microwave  radiation.  The  beam 
radiation  is  incident  on  just  one  side  of  the  individual  (f 
=  .17) ,  while  the  diffuse  microwave  radiation  impinges  uni¬ 
formly  from  all  directions  (f  =  .70)  Shadowing  between 
arms,  legs,  fingers,  etc.,  pre^nts  f  from  reaching  unity. 
The  operative  temperature  lines  are  farther  divided  into  two 
absorptance  classes  (a  =  0.5  and  0.9).  Absorptance  varies 
with  microwave  frequency.  It  is  seen  that  the  differences 
between  beam  and  diffuse  radiation  are  great;  much  larger 
reductions  in  air  temperature  for  a  given  level  of  incident 
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figure  9.  Predicted  incident  power  density  required  for 
comfort  of  sedentary  persons  in  various  air  tenperatures  at 
two  levels  of  clothing  insulation.  The  effect  of  radiation 
received  from  one  side  and  simultaneously  frc  ti  all  direc¬ 
tions  is  shown  as  is  the  effect  of  0.5  and  0.9  radiation 
absorptance. 


flux  density  are  possible  with  diffuse  than  w’ith  beam  radia¬ 
tion  The  absorptance  effect  is  smaller.  Figure  9  shows 
that  comfort  for  sedentary  persons  wearing  typical  winter 
clothing  should  be  possible  in  a  10.5  °C  (51  ’’F)  environment 
with  diffuse  microwave  radiation  at  the  currently  permitted 
10  mW/cm^  level  (ANSI,  1966)  i.e.,  in  a  30  iiiW/cm^  diffuse 
radiation  field  at  10  °C  with  a  =  0.9  the  person  wij.1  feel 
as  if  he  were  in  a  non-microwave,  thermally-uniform  room  at 
19.5  °C  (67  °F) .  With  beam  radiation  at  che  10  mW/cm^  level 
the  tenperature  of  the  environment  would  have  to  be  raised 
to  about  17  °C  (63  °F)  for  comfort. 
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CONCLUSION 


Operative  temperature  (T  )  is  a  convenient  and  tradi¬ 
tional  way  to  characterize  the  environment  for  dry  heat 
transfer.  The  relationships  between  operative  ten^ierature , 
comfort  and  thermoregulation  are  well  understood.  Microwave 
energy  may  be  included  in  the  evaluation  of  operative  tem¬ 
perature,  making  possible  the  prediction  of  microwave  energy 
effects  on  comfort  over  a  wide  range  of  conditions.  The 
concept  of  microwave  heating  for  comfort  appears  to  have  the 
potential  for  improving  the  thermal  environment  in  many 
situations  and  possibly  for  saving  energy  as  well. 
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I.  INTRODUCTION 


1 


In  the  past,  significant  exposure  of  people  to  microwave 
energy  has  been  limited  mostly  to  diathermy  at  the  frequen¬ 
cies  of  27  MHz  and  2450  MHz.  As  the  technological  uses  of 
the  microwave  spectrum  multiply,  however,  there  will  be 
growing  exposure  of  people  to  significant  microwave  levels, 
not  only  as  incidental  and  possibly  undesired  but  also  as 
desired  exposures  in  beneficial  applications  such  as  that  of 
hyperthermia  (Short  and  Turner,  1980)  as  well  as  radiant 
heating  for  comfort  (Pound,  1979) .  It  is  anticipated  that 
the  frequencies  of  exposure  will  cover  a  wide  range  from  low 
frequencies  such  as  27  MHz  to  the  upper  limits  of  the  micro- 
wave  spectrum  around  300  GHz  -  a  range  of  more  than  10,000 
to  1. 


There  is  much  knowledge  of  the  properties  of  sensation 
derived  from  infrared  stimuli  consisting  of  spectral  compo¬ 
nents  above  300  GHz.  Although  some  isolated  data  exist  on 
sensation  derived  from  microwave  stimuli  (see  Michaelson, 
1972)  there  is  no  knowledge  for  sensation  of  microwave  stim¬ 
uli  comparable  to  that  ‘xisting  for  infrared.  (See  v.hapter 
9.) 

The  task  of  developing  information  on  microwave  sensa¬ 


tions  will  involve  scientific  researchers  from  a  wide  vari¬ 
ety  of  disciplines.  In  particular,  physiologists,  psycho¬ 
physicists  and  other  life  scientists,  previously  involved  in 
the  study  o^:  responses  to  infrared  (IR)  stimuli  will  be 
asked  to  turn  their  attention  to  the  study  of  microwave 
stimuli . 

It  is  the  aim  of  this  chapter  to  convey  to  such  life 
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scientists  an  understanding  of  the  microwave  stimulus  in 
simple  terns,  how  it  differs  from  the  infrared  stimulus,  cind 
some  idea  of  how  microwave  energy  is  generated,  transmitted, 
and  measured.  Many  experimental  microwave  exposures  (of 
animals  to  date)  are  done  in  "closed"  systems  (e.g.,  wave¬ 
guides  and  cavities)  as  well  as  "open"  systems  (e.g.,  free 
space  or  anechoic  chamber) .  I  will  try  to  point  out  some  of 
the  technical  pitfalls  of  microwave  exposure  systems,  par¬ 
ticularly  the  closed  systems. 

Although  this  chapter  will  not  review  in  detail  the 
nature  of  electromagnetic  energy  at  frequencies  below  the 
microwave  range,  it  will  show  how  the  microwave  stimulus 
exhibits  to  some  degree  properties  of  energy  at  both  higher 
and  lower  frequency  ranges  of  the  electromagnetic  spectrum. 
At  times  microwave  stimuli  behave  like  infrared  stimuli  and 
induce  "radiant"  (warmth)  sensations  while  at  other  times 
the  microwave  stimulus  can  excite  body  currents  and  re¬ 
sponses  more  akin  to  that  produced  by  lower  frequency  elec¬ 
trical  signals,  e.g.,  ordinary  household  electricity  at 
60  Hz. 

Finally,  I  will  review  some  of  the  practical  aspects  of 
experience  with  microwave  stimuli  involving  sensation  and 
exposure  artifacts  peculiar  to  the  microwave  part  of  the 
spectrum. 
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II.  BASIC  MICROWAVE  CONCEPTS 


Researchers  experienced  with  basic  aspects  of  radiant 
energy  in  the  optical  part  of  the  spectrum  may  appreciate  a 
reminder  on  general  aspects  of  electromagnetic  waves  applic¬ 
able  to  the  whole  non-ionizing  radiation  part  of  the  spec¬ 
trum  and  in  particular  the  microwave  part  of  the  spectrum. 
For  a  supplementary  tutorial  see  Osepchuk,  1979. 


A.  Properties  of  Electromagnetic  Waves 

The  basic  concept  of  an  electromagnetic  wave  applies  to  ' 

the  v'hole  spectrum  of  interest  which  ranges  from  household  ^ 

electricity  at  the  low  end  to  the  visible  spectrum  at  the  5 

high  end.  Energy  in  any  part  of  this  spectrum  which  radi-  i 

ates  or  exists  in  space  is  pictured  as  one  or  more  component 
waves.  Each  wave  is  a  disturbance  moving  with  unchanged 
form  much  as  one  sees  waves  move  on  the  surface  of  water 
(radiate  or  propagate) .  The  disturbance  that  is  the  essence 
of  electromagnetic  waves  is  analogous  to  the  mechanical 
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forces  that  make  the  water  move  up  and  down  and  is  described 
by  quantities  called  fields.  There  is  an  electric  field  E 
oriented  in  a  direction  transverse  to  that  of  propagation. 
One  can  picture  this  as  the  quantity  that  exists  between  two 
electrodes  with  a  battery  across  them.  Thus,  the  electric 
field  H  is  a  quantity  ejqiressed  in  volts  per  meter.  This 
field  has  the  ability  to  move  charges  which  exist  in  all 
matter  in  one  form  or  another.  This  field  alternates  in 
direction  as  we  progress  along  the  wave  -  just  as  the 
mechanical  force  alternates  in  causing  the  crests  and  val¬ 
leys  of  a  water  surface  wave.  This  alternating  electric 
field  or  force  causes  currents,  or  charges  in  motion,  within 
a  material.  Such  currents  are  measured  in  amperes  and  their 
density  is  expressed  in  ait^^eres  per  square  centimeter 
(A/cm^)  or  millianperes  per  square  centimeter  (mA/cm^) . 
Because  the  wave  is  moving  or  propagating,  the  charge 
motions  (currents)  and  the  fields  causing  the  former  are  not 
steady  but  alternate  in  direction  at  a  rate,  for  an  observer 
at  rest,  called  frequency. 

All  electromagnetic  wavgs  move  with  the  same  velocity  in 
free  space,  namely,  3  x  10  meters/sec  or  186,000  miles/sec. 
This  is  difficult  to  conceive,  but  frequency  and  a  spatial 
distance  called  wavelength  are  more  easily  appreciated.  The 
wavelength  is  simply  the  distance  or  period  between  neigh¬ 
boring  points  of  similar  or  the  same  field  value  -  magnitude 
and  direction  -  analogous  to  the  distance  between  pea.ks  of 
water  waves.  The  wavelength  is  expressed  in  terms  of  meters 
or  centimeters. 

Because  gthe  disturbance  or  wave  is  moving  at  a  speed  of 
c  =  3  X  10  m/sec  the  sense  of  the  field  experienced  at  a 
fixed  point  varies  or  oscillates,  repeating  itself  periodi¬ 
cally  at  a  rate  equgl  to  the  distance  the  wave  moves  in  one 
second  (c  =  3  x  10  meters)  divided  by  the  distance  between 
field  peaks  (i.e.,  the  wavelength  A),  i.e.,  the  number  of 
positive  or  negative  peaks  that  sweep  by  in  one  second. 
This  is  the  frequency  f  and  the  calculation  simply  is 

f  =  c/A  (1) 

The  electromagnetic  wave  consists  not  only  of  an  alter¬ 
nating  electric  field  disturbance  but  also  a  magnetic  field, 
which  is  in  a  direction  at  right  angles  (perpendicular)  to 
that  of  the  electric  field.  This  field  H  or  force  is  that 
associated  with  moving  charges  and  is  expressed  in  terms  of 
amperes  per  meter  (A/m) .  A  related  form  of  a  magnetic  field 
is  denoted  B  and  is  expressed  in  units  of  I'esla.  These  mag¬ 
netic  fields  and  the  forces  they  produce  are  more  important 
if  the  material  is  "magnetic,"  e.g. ,  a  ferrite.  In  general, 
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the  magnetic  field  is  of  little  significance  with  regard  to 
the  biological  effects  of  microwave  ejgjosure.  It  is  pri¬ 
marily  the  electric  field  that  is  of  interest  because  it  is 
the  internal  electric  field  E  that  causes  internal  currents 
within  bodies  as  well  as  the  associated  heating. 

IJote  that  the  internal  field  will  be  different  from  the 
external  field  or  incident  field  because  of  the  effect  of 
the  body  in  reflecting  or  shunting  the  outside  field  as  well 
as  attenuating  the  waves  as  they  penetrate  the  body. 

It  should  be  stressed  that  generally  in  the  interaction 
of  microwaves  with  biological  systems,  it  is  only  the  inter¬ 
nal  electric  field  E  that  is  of  direct  significance.  Note, 
however,  that  external  magnetic  fields  in  general  may  create 
internal  electric  fields  by  a  process  called  induction. 
This  distinction  is  of  importance  at  the  lower  microwave 
frequencies . 

All  electromagnetic  waves  consist  of  moving  patterns  of 
alternating  fields,  the  latter  being  familiar  concepts  of 
low-frequency  electricity.  Electromagnetic  waves,  however, 
also  exhibit  general  radiant  characteristics  more  familiar 
in  the  description  of  optical  or  infrared  radiation.  The 
term  radiation,  when  applied  to  any  non-ionizing  radiation, 
applies  only  in  the  far  field  of  some  source  where  there  is 
a  radiating  plane  wave.  The  far  field  for  small  radiating 
apertures  or  antennae  exists  at  distances  R  given  by  2tiR/A 
>>1,  In  addition,  for  large  apertures,  like  a  "dish" 
reflector,  there  is  the  far-field  condition  R  >  D^/2\  where 
D  is  the  diameter  or  large  dimension  of  the  radiating  aper¬ 
ture. 

In  the  far  field  where  there  is  a  meaningful  plane  ,wave, 
it  makes  sense  to  use  the  terms  radiation  and  radiation  flux 
or  power  density  p.  The  latter  is  simply  the  power  flow,  or 
rate  of  energy  transfer,  and  is  related  to  the  E  field  by 


p(W/m^) 


E^  (V/m) 

120  IT 


(2) 


or 


P(mW/cm2)  ^ 

4000 

The  H  field  is  given  by 

120  TT 

and  the  B  field  is  given  by 

X  E(V)/m) 

B (gauss)  =  _ 

30,000 


(3) 

(4) 

(5) 
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At  high  frequencies  where  radiation  fields  are  more  sig¬ 
nificant,  there  are  unique  relationships  between  the  fields 
and  power  density  and  both  concepts  have  value.  At  low 
frequencies,  however,  it  is  quite  possible  to  have  either  an 
E  or  H  field  in  some  region  of  space  without  the  other  and 
without  significant  radiation.  In  this  case  the  fields  are 
called  quasistatic  cind  no  definite  relation  exists  between  E 
and  H  at  a  given  point. 

In  this  chapter  we  will  not  discuss  extensively  how 
materials  interact  with  electromagnetic  fields  or  waves.  We 
will  describe  the  most  fundamental  concepts  of  dielectric 
constant  e  (actually  the  so-called  reJ.ative  dielectric  con¬ 
stant)  and  the  loss  tangent  tan  6.  The  dielectric  constant 
tells  a  lot  about  reflection  properties  and  reduction  in 
wavelength.  The  latter  is  reduced  from  the  free-space  value 
by  the  ratio  e.  Wave  reflection  at  a  surface  of  a  mater¬ 
ial  will  increase  as  e  increases.  For  example,  for  a  siJd- 
stance  like  water  where  e  'v  60,  the  power  reflection  is 
about  60%. 

The  loss  tangent  is  a  measure  of  how  absorptive  the 
material  is,  or  how  quickly  it  causes  a  wave  to  attenuate  as 
it  propagates  in  the  material.  A  simple  formula  for  pene¬ 
tration  depth  D,  the  depth  at  which  the  power  density  is 
reduced  by  1/e^  or  the  fields  by  1/e,  is 


0.318  A 
~  o 

D  =  - 

e  tan  <5 


0.318  A 


tan  6 


(6) 


where  A  is  free  space  wavelength. 

The  energy  or  power  absorbed  by  the  body  as  the  wave 
attenuates  produces  local  heating  at  a  rate  called  the  spe¬ 
cific  absorption  rate,  and  is  given  by 


SAR 


1  9 

—  we  e  tan  6  E.  watts /kg. 
2p  o  in  '  ^ 


(7) 


where 

SAR 


P 

e 

o 

e 

tan  6 

(0 

E. 

in 


is  the  power  transferred  to  the  absorber  by  the 

electric  field  in  the  body 

is  the  mass  density  of  the  body,  in  kg/m^ 

is  the  permittivity  of  free  space,  in  farads/m 

is  the  relative  dielectric  constant 

is  the  loss  tangent 

is  the  radian  frequency  given  by  w  =  2 Ilf 
is  the  electric  field  in  volts/m  at  the  point  in 
the  body,  with  the  subscript  "in"  to  emphasize  that 
the  field  inside  the  body  is  not  the  same  as  the 
field  in  the  incident  radiation. 
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The  dielectric  parameters  e  ar/d  the  tan  6  are  essential 
in  determining  the  properties  of  electromagnetic  waves  as 
they  are  incident  on  and  are  transmitted  through  material 
bodies.  These  parameters  wi]l  vary  with  frequency  and 
greatly  so  across  many  decades  in  frequency.  Since  we  are 
interested  primarily  in  the  microwave  frequency  range  we 
have  tabulated  in  Teible  I  a  few  values  of  dielectric  para¬ 
meters  for  common  materials  at  the  microwave  frequency  of 
2.45  GHz  -  the  frequency  of  the  microwave  oven. 


TABLE  I.  A  Partial  List  of  Dielectric  Properties  of  Foods 
and  Other  Materials  at  2,450  MHz 
(at  Room  Temperature,  20  “C) 


Material 

e 

tan  5 

Distilled  water 

78 

.16 

Muscle 

50 

.422 

Fat 

9 

.268 

Raw  beef 

49 

.33 

Mashed  potato 

65 

.34 

Cooked  ham 

45 

.56 

Peas 

63 

.25 

Ceramic  (alumina) 

8-n 

.0001-. 001 

Most  plastics 

2-4.5 

.001-. 02 

Some  glasses  (pyrex) 

-v  4.0 

'V  .001-.  005 

Papers 

2-3 

.05-. 1 

Woods 

1.2-5 

.01-. 2 

Sand 

2-5 

.01-0.1 

Formica 

4.0 

.04 

Table  I  shows  that  materials  like  glasses,  paper  and 
plastic  are  generally  transparent  whereas  foods  and  bioxogi- 
cal  tissue  are  heavy  absorbers,  primarily  because  of  high 
water  content.  Furthermore,  the  variability  of  tan  6  in 
materials  such  as  paper  and  wood  is  due  to  variable  moisture 
content.  In  general,  the  ranges  of  tan  6  shown  apply  for 
moisture  content  less  than  10%.  Higher  values  of  tan  6  will 
result  for  moisture  content  greater  than  10%. 


f.' 
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B.  The  Electromagnetic  Spectrvnn 

In  this  chapter  we  are  interested  primarily  in  the  micro¬ 
wave/radiofrequency  portion  of  the  electromagnetic  spectrum. 
Figure  1  shows  a  spectrum  chart  designating  in  order  dif¬ 
ferent  ranges  of  frequency  (cycles  per  second  or  Hertz)  and 
wavelengths  (centimeters) .  (Note  that  frequency  and  wave¬ 
length  are  inversely  related  through  Eq.  (1)  and  either 
quantity  by  itself  specifies  the  waves  under  discussion.) 
The  frequency  scale  is  divided  into  decades  by  vertical 
dashed  lines.  The  solid  vertical  lines  denote  various  fre¬ 
quencies  designated  for  "industriaJ ,  scientific  and  medical" 
(ISM)  use  by  governmental  authorities  on  frequency  alloca¬ 
tions.  (The  FCC  in  the  U.S.) 


Threshold 
IpfiN-V  9-211 


Figure  1.  The  Electromagnetic  Spectrum.  A  threshold 
line  is  drawn  between  the  regions  of  non-ionizing  and  ion¬ 
izing  radiation  to  emphasize  the  distinction.  In  the  lower 
chart  the  vertical  undashed  lines  in  the  microwave  region 
denote  officially-designated  ISM  bands  centered  at  the  fol¬ 
lowing  frequencies:  6.78,  13.56,  27.12,  and  40.68  MHz; 
0.43342,  0.915,  2.45,  5.80,  24.125,  61.25,  122.5  and  245 
GHz. 


At  the  low  end  of  the  spectrum  is  the  frequency  of  house¬ 
hold  electricity  (60  Hz).  For  low  frequencies,  engineers 
normally  talk  of  currents  in  conductors,  voltages  across 
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circuit  eleitients,  and  the  fields  around  circuit  elements  but 
usually  the  concept  of  radiated  flux  is  not  applicable.  At 
the  high  end  of  the  non-ionizing  part  of  the  spectrum  is  the 
visible  range  along  with  its  bordering  regions  of  infrared 
and  ultraviolent.  In  these  optical  regimes  one  talks  of 
radiant  flux  or  power  density  but  there  is  less  practical 
need  to  invoke  the  concepts  of  fields.  In  between  optical 
and  power  frequencies  lie  microwaves  which  have  some  rela¬ 
tion  to  both  ends  of  the  spectrum,  i.e.,  both  the  E  and  H 
fields  and  such  radiation  terms  as  power  flux  (mW/cm^)  are 
important  in  describing  microwave  effects. 

The  definition  of  the  microwave  portion  of  the 
electromagnetic  spectrum  is  usually  somewhat  arbitrary  but 
it  can  be  based  alternatively  on  the  property  of  maximum 
coupling  of  electromagnetic  energy  to  macroscopic  objects  of 
common  use  and  interef-t  to  mem,  a  "microwave"  resonance 
effect.  We  shall  discus®  both  viewpoints. 

Many  groups  or  authorities  choose  to  define  "microwaves" 
as  applying  to  a  specific  region  of  the  spectrum.  For 
excutple,  the  Scientific  Committee  53  of  the  National  Council 
on  Radiation  Protection  and  Measurement  (NCRP,  1981)  states, 
"For  the  purposes  of  this  report,  radio- frequency  radiation 
refers  primarily  to  electromagnetic  radiation  in  the  fre¬ 
quency  reuige  of  300  kHz  to  300  GHz.  Such  a  range  includes 
microwave  radiation,  i.e.,  the  frequency  range  from  approx¬ 
imately  300  MHz  to  300  GHz."  On  the  other  hand,  the  Inter¬ 
national  Telecommunications  Union  (RCA,  1969)  in  1959  desig¬ 
nated  the  "radio"  spectrum  as  extending  from  3  kHz  to  3000 
GHz  with  no  use  made  of  the  term  "microwaves". 

Many  authors  of  scientific  and  technical  texts  (e.g., 
Muchmore,  1964)  define,  microwaves  more  uniquely  as  that  por¬ 
tion  of  the  spectrum  where  "the  wavelength  to  size  ratio  is 
of  the  order  of  unity"  for  the  objects  or  apparatus  under 
study.  This  then  means  that  there  are  only  a  few  "modes" 
possible  for  the  system.  (A  mode  is  a  state  or  distribution 
of  electromagnetic  energy  that  can  exist  by  itself  in  a 
given  system  as  distinguished  from  a  "component"  or  "spatial 
harmonic".  For  example,  a  waveguide  usually  functions  in 
its  "dominant"  mode  region  of  frequency,  a  band  of  about  40% 
width  where  only  one  propagating  mode  can  exist.  In  this 
region  of  frequency  the  width  of  the  guide  is  approximately 
3/4  X). 

Scientifically,  or  from  the  viewi^oint  of  logical  exposi¬ 
tion,  it  makes  sense  to  define  "microwaves"  in  this  fashion. 
If  so,  wo  can  present  Table  II  as  a  logical  way  to  divide 
the  electromagnetic  spectrum  (non-ionizing)  with  respect  to 
any  object  considered  under  interaction  with  electromagnetic 
energy.  This  scheme  of  definition  is  always  related  to  the 
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TABLE  II.  Breakdown  of  EM  Spectrum 


Name :  Static  Quasistatic  Microwave  Quasioptical  Optical 

Frequency 

Range;  X->-oo  A>>L  X'V'L  A«L  X  <<<  L 

or  X  »>  L 


size  L  of  the  object  under  study. 

Alternative  names  are  sometimes  suggested,  e.g.,  "RF"  for 
"quasistatic"  or  "nanowave"  for  "quasioptical"  (Zimmerer, 
1966)  .  In  any  case,  the  organization  in  Table  II  is  usefu] 
in  interpreting  microwave  literatirre  in  general  and  specif¬ 
ically  the  literature  on  microwave-biological  interactions. 
If  these  interactions  are  uniquely  related  to  the 
requirement  that  X  'V'  L,  then  clearly  one  must  scale  in  fre¬ 
quency  from  animal  to  man.  On  this  basis,  one  can  justify 
the  choice  by  ANSI  C  95  of  the  range  of  10  MHz  to  100  GHz  as 
the  microwave  range  for  humcin  exposure  standards  (Guy, 
1980) . 

It  is  expected  that  the  heating,  cooking,  and  biological 
effects  of  non-ionizing  or  RF  radiation  depend  on  the  pene¬ 
trating  power  of  the  radiation,  and  the  latter  is  expected 
to  peak  in  the  microv?ave  region.  This  is  confirmed  in  many 
studies  of  absorption  of  electromagnetic  energy  by  man 
(Gandhi,  1979).  A  peak  absorption  of  energy  occurs  in  a 
resonance  range  of  roughly  30-3C0  MHz  for  humans,  decreasing 
as  f^  at  low  frequencies  and  decreasing  slowly  to  about  1/10 
of  its  resonance  value  at  high  frequencies. 

At  low  frequencies  the  radiation  is  shunted  out  (or 
reflected)  by  the  conducting  nature  of  the  body.  (The  die¬ 
lectric  constant  also  becomes  very  large  at  low  frequen¬ 
cies.)  At  high  frequencies  the  energy  is  absorbed  in  a 
small  skin  depth  as  given  by  Eq.  (6) .  Thus  the  internal 
field  is  large  only  in  a  finite  range  which  we  call  micro- 
wave.  This  property  is  depicted  in  Figure  2  from  a  rough 
calculation  of  the  field  in  the  center  of  a  man  when  exposed 
to  radiation  at  a  given  frequency.  It  is  important  to  note 
that  the  resonance  range  is  around  100  MHz  for  man  but  is 
about  3  GHz  for  a  mouse  or  hamburger.  If  the  microwave 
range  is  taken  to  extend  to  300  GHz,  then  the  portion  above 
roughly  10  GHz  is  characterized  by  essentially  surface 
(skin)  absorption  in  man.  Here  viewpoints  coirparable  to 
those  for  infrared  exposure  seem  probable. 

This  discussion  has  centered  primarily  on  electric  fields 
since  they  are  believed  to  be  the  significant  physical 


FHEOUENCY  (Hertz) 


Figure  2.  Estimated  dependence  on  frequency  of  pene¬ 
tration  capability  of  non-ionizing  radiation  in  model  of 
human  body  with  minimum  dimension  of  15  cm.  Ordinate  is 
ratio  of  electric  field  in  center  of  body  (E.)  to  incident 
(external)  electric  field  (E  ) .  Every  reduction  of  E  by  20 
dB  represents  a  factor  of  10  in  E  or  100  in  power  density. 
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parameter  i.n  biological  interactions  either  through  heating, 
Eq.  (7)  ,  or  in  hypothesized  non-thermal  effects  (NCRP, 
1981).  M though  magnetic  fields  cure  believed  to  be  less 
significant,  one  should  recognize  that  at  low  frequencies 
the  human  body  and  most  objects  are  transparent  to  magnetic 
fields  except  as  countered  by  the  H  fields  of  induced  cur¬ 
rents  in  the  body.  This  induced  current  phenomenon  also 
produces  internal  electric  fields,  the  more  so  near  the  sur¬ 
face,  but  the  induced  E  fields  also  decrease  as  frequency  is 
lowered . 


The  microwave  range  as  variously  defined  is  also  charac¬ 
terized  by  low  ambient  levels  of  natural  radiation  (Osep- 
chuk,  1979) .  This  is  why  t)ie  microwave  rcmge  is  of  particu¬ 
lar  interest  for  communication  to  objects  in  space.  On  the 
other  hand,  we  have  significant  fields  at  low  frequency 
(e.g.,  several  kV/m  before  a  storm)  and  significant  radia¬ 
tion  flux  at  optical  frequencies  (e.g.,  60  itW/cm^  from  the 
sun  at  noon) .  The  naturally-occurring  microwave  fluxes  are 
not  entirely  trivial  compared  to  commonly-occurring  man-made 
fluxes  in  the  environment.  ®ie  latter  typically  are  in  the 
ramge  of  a  nanowatt/cm^  (10  ^  W/cm^)  to  a  microwatt/cm^ 
(10  ^  W/cm^)  (Janes,  1979).  It  has  been  suggested  (NCRP, 
1981,  p.  93)  that  "man-made  sources  in  the  microwave  and  RF 
region  have  power  outputs  many  orders  of  magnitude  above 
background. "  This  statement  is  misleading,  especially  if 
one  adopts  the  NCRP  definition  of  "microwaves"  as  0.3  to  300 
GHz.  The  thermal  or  black -body  fl'ixes  from  the  earth  at 


temperature  T  (assuming  an  emissivity  of  unity)  is  give  by 


®  ^30§^ 


for  the  spectrum  up  to  f  in  GHz;  T  in  °K.  This  yields  0.3 
yW/cm^  for  the  "microwave"  background.  This  clearly  is  very 
significant  compared  to  long-term  man-made  environmental 
exposure  levels.  Sven  the  value  up  to  30  GHz  (0.0003 
yW/cm^)  is  significant  compared  to  long  term  man-made 
exposure . 

This  is  not  to  say  that  the  comparison  is  not  dramatic  at 
some  frequencies,  particularly  in  the  resonance  range  of 
man.  This  is  surely  related  to  the  perceived  need  for  most 
stringent  e:jq)osure  standards  for  man  in  the  microwave  reso¬ 
nance  reinge  of  frequencies,  30-300  MHz  (Guy,  1980).  On  the 
other  hand,  it  is  clear  that  the  upper  part  of  the  range 
denoted  "microwave"  may  turn  out  to  have  more  in  common  with 
the  infrared  spectrum,  at  least  with  regard  to  sensation 
phenomena  and  biological  effects  in  man,  a  fact  reflected  in 
the  revised  standard. 

One  can  note  that  the  meager  data  (Michaelson,  1972)  on 
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sensation  of  microwave  radiation  indicate  rising  thresholds 
for  sensation  as  frequency  is  lowered  (cf  Chapters  9  and 
10)  .  Presumably  this  is  correlated  with  increasing  i^enetra- 
tion  depth  at  lower  frequencies. 

Sensation  phenomena,  as  well  as  exposure  safety  limits, 
should  in  an  approximate  way  exhibit  an  adiabatic  region  for 
short-e^qjosure  duration  below  an  applicable  time  constant 
where  ti.e  phenomenon  depends  on  energy  (dose)  absorbed. 
(This  corresponds  to  the  region  of  "temporal  summation"  as 
described  in  Chapter  9,  and  occurs  only  for  sensations  near 
threshold  in  the  infrared  range.)  Beyond  this  time  the 
phenomenon  depends  on  rate  of  energy  transfer  or  simply  the 
radiant  flux  or  power  density,  i.e.,  under  conditions  of 
equilibrium  in  the  process,  thermal  or  otherwise.  The 
applicable  time  constants  are  expected  to  depend  on  pene¬ 
tration  depth.  One  might  expect  shorter  time  constants  at 
the  higher  microwave  frequency  range  where  penetration  is 
superficial  as  .It  is  in  the  infrared  range. 

In  addition,  the  study  of  human  sensation  of  microwave 
energy  may  already  be  complicated  by  psychological  factors. 
The  perceived  risk  of  exposure  to  microwave  radiation 
appears  to  be  heightened  under  modern  societal  viewpoints 
which  are  often  somewhat  irrational  (Osepchuk,  1981) . 


III.  PROPERTIES  OF  MICROWAVE  GENERATORS 


Microwave  energy  is  generated  by  either  a  variety  of 
microwave  tubes  or  solid-state  devices,  either  as  power 
oscillators  or  a  low-power  oscillator  followed  by  a  chain  of 
aitplifiers.  With  conventional  microwave  tubes,  very  large 
output  power  is  feasible  up  to  at  least  1  megawatt  at  fre¬ 
quencies  up  to  10  ^Hz  (Osepchuk,  1979)  .  Efficiencies  of 
low-power  oscillators  or  amplifiers  may  be  less  than  10%  but 
higher  power  tubes  typically  can  be  designed  with  at  least 
40%  and  even  up  to  90%  efficiency  at  the  lower  microwave 
frequencies.  Microwave  tubes  include  linear-beam  tubes 
(klystrons  and  traveling-wave  tubes  and  crossed-field 
tubes),  magnetvops,  and  crossed-field  amplifiers.  In  addi¬ 
tion,  there  exist  voltage-tunable  oscillators  called  "carci- 
notrons"  or  backward-wave  oscillators  (BWO) . 

Above  10  GHz,  conventional  microwave  tubes  drop  in  power 
capability  rapidly  as  f  ^  but  there  now  exist  in  development 
a  new  class  of  "fast-wave"  tubes  like  the  gyrotron  which  is 
likely  to  extend  the  frequency  boundary  at  a  given  power 
level  upwards  by  a  factor  of  ten. 

Solid-state  (semiconductor)  devices  include  transistor 
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amplifiers  and  oscillators  at  the  lower  microwave  frequen¬ 
cies  and  a  variety  of  diode  oscillators  and  amplifiers  at 
the  higher  frequencies.  Below  1  GHz  the  efficiency  of  tran¬ 
sistors  can  be  quite  high,  >  60%,  but  this  value  drops 
rapidly  for  frequencies  above  1  GHz.  Diode  devices  can  ex¬ 
hibit  efficiencies  up  to  30  or  40%  but  10  to  20%  is  more 
typical.  To  achieve  substantial  power,  many  discrete  solid- 
state  devices  are  combined  in  various  ways. 

Whereas  solid-state  devices  involve  low  d.c.  voltages  and 
high  currents,  microwave  tubes  at  the  higher  power  levels 
>  50  kW  may  involve  high  voltage  >  30  kV.  Thus  a  potential 
by-product  of  high-power  microwave  tubes  includes  x- 
radiation  and  spurious  products  of  infrequent  voltage  break¬ 
down  such  as  corona,  air  ions,  cind  ozone.  In  well  designed 
modern  power  sources  these  phenomena  are  minimized. 

Ideally,  microwave  power  sources  produce  a  coherent  sig¬ 
nal,  i.e.,  a  single  frequency  carrier  or  at  least  a  narrow- 
band  signal.  Energy  at  frequencies  other  than  the  carrier, 
though  much  smaller  than  the  carrier,  can  exist  and  can  be 
quite  significant,  especially  for  crossed-field  tubes  which 
tend  to  be  noisy. 

For  example,  consider  the  magnetrons  used  in  microwave 
ovens.  These  produce  about  700  watts  at  2450  MHz  at  'v  70% 
efficiency  and  cost  less  than  $25  to  the  oven  manufacturer. 
They  are  provided  with  filter  elements  to  reduce  noise  and 


Figure  3.  Spectrum  between  0  and  1  GHz  of  power  from 
unfiltered  cathode  of  cooker  magnetron.  Vertical  scale;  10 
dB/di vision,  Horizontal  scale:  100  MHz/div.  Magnitude  of 
peak  at  200  MHz  is  36  di9m/MHz. 
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spurious  signals.  Without  these  elements  this  non-carrier 
power  can  be  intolereibly  significant.  Figure  3  shows  the 
spectrum  of  unfiltered  power  emitted  at  the  cathode  of  the 
magnetron  amounting  to  a  few  watts.  This  power  is  divided 
by  a  spurious  signal  at  200  MHz  and  its  harmonics  and 
broad-band  noise.  Such  spurious  energy  is  potentially  more 
troublesome  as  a  source  of  radio-frequency  interference  thaii 
microwave  leakage  at  2450  MHz  from  cin  oven  which  typically 
is  less  thcin  1  watt  even  at  the  limits  imposed  by  Federal 
standards. 

Other  tubes  may  produce  less  spurious  signals  but  may 
produce  excessive  harmonic  signal  levels.  For  example, 
traveling-wave  tubes  (TWT's)  of  the  broadband  (helix)  vari¬ 
ety  typically  can  produce  a  second-harmonic  signal  up  to  10% 
of  the  fundamental  output  signal  when  operated  at  the  low 
end  of  its  band. 

Any  tube  or  solid-state  device  can  in  principle  become 
unstable,  at  least  momentarily,  and  shift  into  abnormal 
modes  of  operation  -  producing  undesired  signals  at  gener¬ 
ally  low  efficiency.  Careful  monitoring  of  power  sources  is 
necessary  to  insure  absence  of  such  moding  during  microwave 
ejcperiments . 

Most  power  sources  can  not  only  be  operated  in  a  contin¬ 
uous  (CW)  fashion  but  usually  can  be  pulsed-modulated  in 
amplitude,  or  amplitude  modulated.  Some  sources  (e.g., 
BWO' s)  can  be  frequency-modulated.  High  power  pulsed  tubes 
(e.g.,  megawatts  peak)  are  generally  designed  for  radar 
application  and  in  most  cases  are  limited  in  pulse  widths  to 
the  range  of  1  to  50  microseconds. 


IV.  ARTIFACTS  IN  CLOSED  EXPOSURE  SYSTEMS 


In  some  respects,  the  irradiation  of  a  biological  subject 
in  a  closed  system  (e.g.,  waveguide  or  cavity)  is  more 
attractive  than  in  an  open  system.  Total  power  absorbed  can 
be  monitored  and  there  is  no  radiation  leakage  or  RFI 
(radio-frequency  interference)  problem.  There  are  numerous 
potential  artifacts  in  closed  systems,  however. 

Waveguide  systems  propagate  a  single  mode  over  only  a  40% 
range  in  frequency.  TEM  (transverse  electromagnetic)  sys¬ 
tems  can  be  used  over  a  broad  range  extending  to  zero  fre¬ 
quency  but  there  are  finite  upper  limits.  Recently,  there 
has  been  a  dispute  (Weil,  et  al.,  1981)  over  the  potential 
problem  of  higher  modes  in  a  TEH  cell.  If  such  a  cell  of 
finite  length  is  only  lightly  loaded  by  an  absorbing  object, 
the  cell  is  likely  to  exhibit  fields  in  these  higher  modes 
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only  at  frequencies  of  axial  resonance  (where  the  length  of 
cell  is  n  X  \/2)  because  the  higher  modes  do  not  propagate 
in  the  usual  feed  lines.  If  a  cell  is  heavily  loaded,  these 
higher  modes  will  be  significant  in  establishing  the  distri¬ 
bution  of  external  field  aroiuid  the  object.  It  was  sug¬ 
gested  (Weil,  1981)  that  a  better  exposure  system  for  free¬ 
dom  from  higher  modes  would  be  an  open  parallel-plate  guide. 
Even  for  this  system,  however,  there  will  be  higher  modes 
even  if  they  are  damped  somewhat  by  radiation  loss,  hence 
the  term  "leaky  waves". 

Figure  4  illustrates  cin  exan4>le  of  waveguide-systems 
artifact.  A  section  of  WR430  waveguide  is  excited  by  a  TWT 
power  source  driven  by  a  BWO  swept  from  2  to  4  GHz.  The 
signal  from  an  arbitrary  ofl-axis  probe  is  shown  in  Figure 
4(a).  There  appear  to  be  some  resonant  responses  in  the 
range  below  2.75  GHz  where  only  the  TE^  mode  is  supposed  to 
propagate.  If  a  low-pass  filter  is  introduced,  however,  to 
cut  off  signals  above  4.0  GHz,  then  these  resonant  responses 
disappear  (Fig.  4(b)).  In  fact,  the  responses  are  due  to 
spurious  waveguide  resonances  excited  by  the  2nd  harmonic 
output  of  the  TWT.  This  is  filtered  in  the  output  circuit 
of  the  TWT,  preferably  after  a  circulator  or  protective  fer¬ 
rite  device.  The  2nd  harmonic  is  not  removed  by  a  filter  in 
the  input  circuit  of  the  TWT- 

Similarly,  in  multi -mode  cavities,  like  that  of  the 
microwave  oven  (Heynick,  et  al.,  1977)  the  intent  is  to  pro¬ 
vide  uniform  irradiation  of  a  biological  subject  without 
resonant  responses.  For  this  purpose,  some  means  of  making 
the  fields  vary  randomly  in  time  is  provided,  e.g.,  a  "mode- 
stirrer".  There  is  no  coitplete  assurance  of  the  absence  of 
resonances,  however.  Figure  5  shows  the  input  impedance  of 
a  microwave  oven  cavity  containing  a  1000  ml  water  load  on  a 
Smith  Chart*  as  the  frequency  varies  from  2415  to  2485  MKz, 
for  a  fixed  position  of  a  mode  stirrer.  The  two  loops  indi¬ 
cate  resonances  that  suggest  weak  coupling  to  the  water  and 
a  possible  source  of  other  artifacts,  e.g.,  microarcing  if 
high  fields  are  generated  someplace  in  the  cavity  where  a 
close  spacing  between  conducting  objects  exists. 

Figure  6  shows  acoustic  pulses  detected  with  a  microphone 


*The  radial  coordinate  of  the  Smith  Chart  corresponds  to 
the  magnitude  of  the  reflection  coefficient  of  a  given  load 
impedance  which  terminates  a  transmission  line.  The  azimu¬ 
thal  coordinate  corresponds  to  the  phase  of  the  reflection. 
The  reflection  coefficient  varies  from  0  to  1.  Equivalent 
impedance  or  admittance  contours  are  usually  provided  on  the 
Smith  Chart,  also. 
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Figure  4.  Signal  detected  at  side  wall  of  WR430  wave¬ 
guide  with  an  E-field  probe  as  power  source  frequency  is 
swept  from  2  to  4  GHz.  Vertical  scale:  linear  with  power; 
Horizontal  scale:  0.2  GHz  per  division.  (a)  Without  2nd 
harmonic  filter  in  detection  circuit  or  output  circuit.  (b) 
With  2nd  harmonic  filter. 


at  two  distances  from  a  source  of  microarcing  in  a  coaxial 
line.  Higher  frequencies  in  the  range  above  10  kHz  tend  to 
be  generated  as  determined  by  local  geometries.  These 
sounds,  though  weak,  may  be  perceptible  to  some  animals. 

All  possible  artifacts  cannot  be  reviewed  here  but  a  few 
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IMPEDANCE  OR  ADMITTANCE  COORDINATES 


5.  Impedance  of  a  microwave 
as  frequency  is  swept  from  2415  to  2485 
of  mode  stirrer;  1000  ml  water  load. 


oven  on  Smith  Chart 
MHz;  fixed  position 


more  can  be  mentioned:  the  difference  in  infrared  environ- 
ment  in  space  surrounded  by  low  emissivity  metal  walls  and 
difficulties  in  controlling  both  the  temperature  and  the 
humidity  of  the  air. 

Some  artifacts  are  potential  problems  in  both  open  and 
c  osed  systems.  A  prime  example  concerns  the  use  of  metal 
prooes  or  leads  which,  besides  perturbing  and  concentrating 
fields,  can  introduce  low-frequency  currents  through  recti¬ 
fication  effects  in  the  metallic  assemblies  or  from  the 
instrumentation  attached  to  the  probes. 
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Figure  6.  Acoustic  signals  detected  near  a  site  of 
microarcing  in  a  coaxial  line.  Vertical  scale;  2 
VO It s/di V. ;  Horizontal  scale;  100  psec/div,  Gen.  Rad. 
Microphone  Model  1962,  Gen.  Rad.  Preamplifier  2todel 
1560-P42.  (a)  Distance;  1.5  cm;  (b)  Distance;  6  cm. 


V.  TEMPORAL  ASPECTS  OF  MICROWAVE  FIELDS 


It  is  almost  always  Idie  case  that  the  microwave/RF  fields 
in  practice  or  in  experiments  exhibit  considerable  variation 
in  space  and  in  time.  Even  if  the  fields  at  a  fixed  point 
did  not  vax'j  with  time  an  observer  in  motion  would  almost 
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certainly  experience  a  temporal  variation.  In  practice  the 
spatial  variations  arise  from  scattering  of  waves  from  ob¬ 
jects  around  the  subject.  In  addition,  various  sources  have 
variation  with  time  for  reasons  peculiar  to  the  source. 
Broadcast  sources  are  usually  steady  in  strength  except  for 
fluctuations  caused  by  moving  scattering  objects.  Other 
sources  like  CB  or  mobile  radio  are  intermittent  and  tran¬ 
sient  at  a  fixed  point.  Radar  sources  illuminate  a  fixed 
point  with  a  burst  of  about  0.1  second  duration  as  a  rota¬ 
ting  antenna  moves  with  a  rotation  period  of  the  order  of 
5-15  seconds. 

Figure  7  shows  leakage  from  a  microwave  oven  as  measured 
close  to  its  point  of  maximum  leakage.  A  variety  of  tem¬ 
poral  variations  can  be  caused  by  heating  of  the  food  or 
water  load,  thermal  drift  of  the  properties  of  the  tube  or 


Figure  7.  Maximum  leakage  of  a  microwave  oven  under 
standard  test  conditions  as  a  fiuiction  of  time.  A  fresh 
water  load  (275  ml)  is  introduced  for  each  run  with  initial 
water  temperature  conforming  to  ERH  regulations  (20  ±  5  °C) . 
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the  cavity  as  well  as  infrequent  instabilities  of  one  sort 
or  another. 

Figure  8  shows  the  fields  from  an  RF  heat  sealer  as  mon¬ 
itored  at  a  disteince  of  about  150  feet  from  the  source 
(linear  power  scale) .  In  this  case  the  level  of  this  signal 
was  the  dominant  signal  in  the  environment  -  a  peak  level  of 
about  0.5  yW/cm^.  Note  the  quasi-repetitive  intermittent 
operation  which,  however,  is  subject  to  great  changes  from 
time  to  time.  It  is  interesting  to  note  that  while  fields 
at  27  MHz  were  not  monitored  in  EPA  surveys  (Janes,  1979), 
they  appear  to  be  major  sources  of  environmental  fields  in 
localized  and  transient  situations,  the  dominant  sources 
being  those  of  CB  radio,  RF  heat  sealers,  and  RF  diathermy. 


Figure  8.  Radiation  from  a  heat-sealer  at  a  distance  of 
150  feet.  Vertical  scale:  arbitrary  linear  power  scale; 
Horizontal  scale:  30  seconds/division. 
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VI.  ENGINEERING  ASPECTS  OF  MICROWAVIi:  SENSATION 


At  high  frequencies,  e.g.,  the  infrared,  sensation  is 
produced  by  superficial  absorption  of  radiant  beams  on  the 
skin.  At  low  frequencies,  60  Hz  or  below  10  kHz,  sensation 
or  pain  from  electrical  energy  is  induced  usually  by  contact 
situations.  Thus  we  have  distinct  nervous  sensations  of 
electrical  current  with  threshold  values  for  sensation, 
pain,  immobilization,  and  injury  usually  without  burns 
(Dalziel,  1972) .  We  have  the  phenomenon  of  microarcing  and 
shock  when  one  touches  a  doorknob  and  discharges  static 
charge  or  touches  a  grounded  object  when  immersed  in  a  high 
value  of  electric  field  (Delaplace  and  Reilly,  1978) .  In 
addition,  we  have  the  more  extreme  situation  where  people  or 
animals  perceive  very  high  electric  fields  through  the  erec¬ 
tion  of  hair  on  the  skin,  either  near  high-voltage  lines  or 
in  exposed  mountain  areas  before  a  thunderstorm  (Bridges  and 
Preache ,  1981) . 

Across  the  microwave/RF  spectrum  one  can  expect  some 
aspects  of  both  low  and  high  fr^'quency  sensations  to  be 
relevant.  At  the  higher  microwave  frequencies  radiant  per¬ 
ception  at  the  skin,  as  with  infrared,  appears  straight¬ 
forward.  At  the  lower  microwave  frequencies  (<  1  GHz)  where 
penetration  is  considerable,  the  rules  governing  perception 
of  radiation  remain  largely  unknown  (cf  Chapters  9  and  11) . 

In  practice,  the  perception  of  microwave  energy  by  engi¬ 
neers  and  technicians  is  mostly  by  localized  contact  rather 
than  radiant  perception.  For  example,  perception  of  micro- 
wave  energy  at  the  end  of  a  coaxial  connector  is  usually  at 
the  pain  threshold  with  or  without  a  very  localized  burn. 
Table  III  lists  the  threshold  power  for  pain  sensation  as 
experienced  by  two  subjects  holding  a  finger  against  a  type 
N  male  coaxial  connector.  It  is  ^een  that  over  almost  two 
decades  in  the  microwave  frequency  range  the  pain  threshold 
occurs  at  roughly  0.15  watts  absorbed.  This  is  compatible 
with  the  hypothesis  of  localized  heating  to  the  pain  thres¬ 
hold  temperature  of  44.5  °C  in  a  few  seconds.  Rough  calcu¬ 
lations  using  the  formulae  and  data  of  Pittav/ay  (1964)  and 
Hardy  (1958)  confirm  the  reasonableness  of  this  interpre¬ 
tation. 

Table  III  also  notes  the  existence  of  a  detection  of 
arcing  or  corona  between  a  finger  c»rid  connector.  This  sen¬ 
sation  is  not  painful  if  the  duty  cycle  is  kept  low  enough. 
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TABLE  III.  Thresholds  for  Sensation  (5  Seconds)  by  Finger 
Contact  with  Small  Coaxial  Connectors  (Type  N,  Male) 


Pain 

Corona-Arc 

Frequency 

-  (GHz) 

(Watts,  Ave.) 

(Watts,  Peak) 

Incident  Absorbed 

Incident 

.25 

.6 

.2 

.50 

.6 

.15 

1.0 

.6 

.15 

2.0 

.5 

,15 

100 

4.0 

.3 

.10 

100 

8.0 

.2 

.15 

100 

.1.0 

.2 

.15 

100 

VII.  CONCLUSIONS 


A  review  of  the  physical  aspects  of  microwave  systems  for 
study  of  the  effects  of  microwave  exposure  or  sensation  is 
presented.  It  is  pointed  out  that  aspects  of  low-frequency 
electricity  and  optical  radiant  heating  both  play  a  role 
within  the  microwave  rcuige  in  sensation  phenomena.  Resonar/t 
cibsorption  euid  penetration  in  the  microwave  range  will  pos¬ 
sibly  produce  unique  sensations. 

A  review  of  sources  cind  the  engineering  aspects  of  closed 
exposure  systems  reveals  a  host  of  potential  artifacts  that 
need  to  be  isolated  and  controlled  in  experiments  involving 
eaposure  of  biological  targets.  Teitporal  variations  and 
local  concentrations  of  microwave  energy  will  play  a  promi¬ 
nent  role  in  sensation  phenomena,  both  in  the  laboratory  and 
in  real  life,  a 
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INTRODUCTION 


Etectromagnetic  heating  is  used  in  clinics  for  physical 
therapy  and  for  the  treatment  of  cancer.  Originally,  nc:t- 
ural  sources  of  heat,  such  as  sunshine  or  hot  water,  were 
used  for  therapeutic  purposes  (Licht,  1965) .  However,  the 
heating  was  achieved  only  at  a  superficial  level,  since 
changes  in  vasomotor  tonus  of  the  blood  vessels  in  the  skin 
aid  in  the  maintenance  of  a  constant  temperature  in  deep 
tissues  during  exposure  to  the  sun,  immersion  in  hot  water, 
or  contact  with  other  conductive  heat  sources.  Thus,  the 
usefulness  of  heat  in  therapy  was  limited  until  relatively 
recently.  It  was  only  in  the  early  twentieth  century  that 
diathern^r  ("through  heat"  in  Greek)  became  available,  making 
the  heating  of  deep  tissues  possible.  Three  methods  are  now 
used  in  clinics  for  producing  heat  in  deep  tissues  —  ultra¬ 
sound,  shortwave,  and  microwave  diathermy  —  which  are  based 
on  the  principles  of  propagation  and  absorption  of  acoustic 
or  electromagnetic  waves  in  the  tissue. 

Used  in  physical  thtrapy  for  almost  a  century,  diathermy 
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has  also  been  used  in  combination  with  ionizing  radiation 
for  the  treatment  of  cancer.  Recently  there  has  been  a  vast 
increase  of  interest  in  this  latter  application.  The  prob¬ 
lem  of  producing  controllable  heating  patterns  in  the  body 
has  become  a  popular  topic  of  research,  y  In  this  paper  we 
will  review  the  biophysics  of  tissue  heating  with  electro¬ 
magnetic  waves  and  discuss  methods  of  quantifying  the  energy 
absorption  and  associated  tenperature  increases . J 


BIOPHYSICS  OF  ELECTROM.'»GNETIC 
HEATING 


The  fundamental  difference  between  wave  propagation  in 
free  space  and  in  tissue  is  due  to  the  dielectric  properties 
of  tissue,  the  dielectric  constant  and  conductivity.  In 
general,  biological  tissues  can  be  classified  into  two  major 
categories  according  to  their  dielectric  properties.  Those 
with  high  water  content,  such  as  muscle,  skin,  kidney,  and 
liver  tissues,  have  higher  dielectric  constants  and  conduc¬ 
tivity  than  those  with  low  water  content,  such  as  fat  or 
bone.  Brain,  lung,  and  bone  marrow  tissues  contain  inter¬ 
mediate  amounts  of  water  and  have  dielectric  constants  and 
conductivities  that  fall  between  the  values  for  the  two 
groups.  Dielectric  properties  arc  a  function  of  the  fre¬ 
quency.  The  dielectric  constant  decreases  while  the  con¬ 
ductivity  increases  with  increasing  frequency.  Numerical 
data  have  been  published  by  Schwan  (1957) ,  Johnson  and  Guy 
(1972) ,  Stuchly,  et  al.  (1981) ,  and  Foster  and  Schepps 
(1981)  . 

The  action  of  electromagnetic  fields  on  tissues  produces 
two  types  of  effects  that  determine  their  dielectric  proper¬ 
ties;  (1)  the  oscillation  of  free  charges  on  ions,  and 
(2)  the  rotation  of  polar  molecules  at  the  frequency  of  the 
applied  field  (Johnson  and  Guy,  1972) ,  Free  charge  motion 
gives  rise  to  conduction  currents  with  an  associated  energy 
loss  due  to  the  electrical  resistance  of  the  medium.  The 
rotation  of  polar  molecules  generates  displacement  current 
in  the  medium  with  an  associated  dielectric  loss  due  to  vis¬ 
cosity.  These  two  losses  are  the  basis  of  electromagnetic 
energy  absorption  which  produces  heating  in  the  medium. 

The  rate  of  tenperature  rise  in  tissue  heated  with  elec¬ 
tromagnetic  energy  is  related  to  the  rate  of  energy  absorp¬ 
tion  W  ,  metabolic  heating  rate  W  ,  power  dissipation  by 
thermaf'  conduction  and  blood  flow  as  expressed  in  the 
following  equation; 
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where  c  is  the  specific  heat  of  the  tissue  (Guy,  et  al. , 
1974) .  In  a  typical  clinical  treatment  using  about  50  watts 
output  power,  the  temperature,  T,  will  increase  as  shown  in 
Figure  1.  Initially  there  is  a  linear  rate  of  increase 


d  (AT) 
~dt 


=  W  /4186c 
a 


lasting  approximately  three  minutes. 


Figure  1.  The  tenperature  change  in  tumor  and  normal 
tissues  under  hyperthermia  showing  the  differences  in 
heating  of  tumor  tissue  without  blood  flow,  tumor  tissue 
with  blood  flow,  and  normal  tissue.  (Reprinted  with  per¬ 
mission  from  Guy  and  Chou,  1982) . 


In  nonral  tissue,  after  this  linear  increase  in  tempera¬ 
ture,  there  is  a  period  of  nonlinear  tenperature  rise 
usually  lasting  another  7  to  10  minutes,  where  AT  becomes 
sufficiently  large  (^,6  °C)  that  blood  flow  becomes  important 
in  dissipating  the  absorbed  energy.  In  tissues  with  a  low 
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or  negligible  blood  flow  rate,  the  ten^jerature  will  mono- 
tonically  approach  a  steady  state  value  dictated  by  the  mag¬ 
nitude  of  W  ,  as  shown  on  the  upper  curve  in  Figure  1,  with 
equilibrium  reached  when  W  =  W  .  For  vascular  tissues,  a 
marked  increase  in  blood  flow  wifi  occur  due  to  vasodilation 
when  the  temperature  reaches  the  range  of  42  -  44  “C,  as 
shown  in  Figure  1,  when  W  =  W  +  W^. 

In  many  tumors  the  b^od  flow  is  vigorous  at  the  peri¬ 
phery  and  sluggish  in  the  center  (Song,  et  al,,  1980). 
Since  the  blood  vessels  in  tumors  are  often  fully  open 
during  ordinary  conditions,  there  is,  in  many  cases,  no 
vasodilation  during  the  heat  treatment.  After  steady  state 
conditions  are  reached,  the  final  tenperature  of  the  tumor 
is  higher  than  that  of  the  surrounding  normal  tissue.  The 
shaded  area  in  Figure  1  indicates  the  range  of  temperature 
rise  in  tumors.  The  lower  boundary  is  for  the  periphery  of 
the  tumor  and  the  upper  curve  is  for  the  center,  where  no 
blood  flow  exists. 

The  rate  of  energy  absorption  W  must  be  sufficiently 
high  so  that  the  therapeutic  level  of  temperature  can  be 
maintained  over  the  major  portion  of  the  treatment  period. 
If  too  little  power  is  applied,  the  period  or  the  level  of 
temperature  elevation  will  not  be  long  enough  or  high  enough 
for  any  benefits,  while  with  too  high  a  level,  the  tempera¬ 
ture  of  the  normal  tissue  may  not  be  maintained  at  a  safe 
level  by  vasodilation.  The  pain  sensors  are  a  reliable  and 
sensitive  means  for  alerting  the  patient  to  an  unsafe  tem¬ 
perature.  If  the  applied  power  level  is  set  so  that  only 
mild  pain  or  discomfort  is  experienced  by  the  patient,  the 
vasodilation  in  normally  vascular  tissues  will  be  sufficient 
to  limit  or  even  lower  the  temperature  to  a  level  that  is 
both  tolerable  and  therapeutically  effective. 


METHODS  OF  ELECTROMAGNETIC  HEATING 


Electromagnetic  heating  of  tissues  may  be  accomplished  by 
three  methods :  ( 1)  Direct  application  of  current  by  con¬ 
tacting  electrodes  or  non-contacting  capacitive  plates;  (2) 
Induction  of  eddy  currents  in  the  tissue  by  alternating  mag¬ 
netic  fields  from  solenoidal  or  "pancake"  magnetic  coils;  or 
(3)  Radiation  at  ultra-high  (UHF)  and  microwave  frequencies. 
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Shortwave  Applicators 

1.  Capacitor  Electrodes.  The  earliest  diatheniQ^  equip¬ 
ment  consisted  of  a  high-frequency  generator  from  which  cur¬ 
rents  were  applied  directly  to  the  tissues  by  contacting 
electrodes  (Licht,  1965) .  Because  of  uneven  or  poor  con¬ 
tact,  one  of  the  greatest  hazards  was  the  production  of 
burns  at  the  electrode-tissue  interface.  As  the  operating 
frequency  of  diathermy  equipment  increased,  the  electrodes 
were  redesigned  so  that  they  did  not  have  to  mahe  direct 
contact  with  the  tissues,  since  displacement  currents  be¬ 
tween  the  electrode  plates  and  the  anatomical  surfaces  are 
sufficient  to  couple  energy  to  the  tissue.  Although  direct 
contact  and  capacitor  electrode  arrangements  are  still  used 
at  the  surface  of  the  body  to  treat  patients  with  present 
day  13.65  and  27.12  MHz  diathermy  equipment,  there  are  some 
fundamental  problems.  Figure  2  illustrates  how  induced  con¬ 
duction  currents  in  the  tissue  produce  much  greater  power 
absorption  in  the  si:ibcutaneous  fat  than  in  the  skin  and 


Figure  2.  Field  distribution  in  layered  tissues  exposed 
to  capacitor- type  electrode  diathermy.  Heating  is  greater 
by  an  order-of-magnitude  in  subcutaneous  fat  than  in  skin  or 
muscle,  which  have  higher  wa>-er  content.  (Guy,  et  al.,  0 
1974  IEEE) . 
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deeper  tissue  of  high  water  content.  It  also  shows  that  the 
divergence  of  the  current  tends  to  concentrate  the  power 
absorption  in  the  superficial  tissue  adjacent  to  the  elec¬ 
trodes.  This,  along  with  the  lower  specific  heat  in  fat, 
results  in  a  rate  of  heating  more  than  17  times  greater  in 
fat  than  in  the  deeper  tissue  of  high  water  content.  In 
addition,  the  rate  of  cooling  by  blood  circulation  is  sig¬ 
nificantly  less  in  fat,  so  the  final  steady-state  tenpera- 
ture  of  fat  is  considerably  higher  than  in  tissue  of  high 
water  content. 


2.  Induction  Coils. 


Figure  3.  A  compact  induction  coil  applicator  for  the 
magnetic  induction  of  circular  eddy  currents  in  tissue 
(courtesy  of  Siemens-Reiniger  Werke  Ag)  .  (Guy,  et  al . ,  @ 
1974  IEEE) . 
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Coils  have  been  used  for  the  magnetic  induction  of  cir¬ 
cular  eddy  currents  in  the  tissues.  The  applicator  shown  in 
Figure  3,  a  "monode,"  is  a  conpact  coil-and-capacitor  com¬ 
bination  that  may  be  placed  at  various  distances  from  the 
patient  by  rji  adjustable  supporting  arm  (not  shown)  .  A 
cross-sectional  view  of  the  induced  currents  (Figure  4) 
illustrates  the  superiority  of  the  inductive  coil  over  the 


MAGNETIC  FIELD  LINES 


Figure  4.  A  cross-sectional  representation  of  induced 
current  distribution  in  layered  tissues  exposed  to  induction 
coil  diathermy  which  shows  the  superiority  of  the  heating 
over  that  from  the  capacitor  type  electrode.  (Guy,  et  ai  . , 
©  1974  IEEE) . 


capacitor  type  of  electrode.  In  this  case.,  the  induced 
electric  fields  are  parallel  to  the  tissue  interfaces,  and 
therefore  are  not  greatly  modified  by  the  tissue  boundaries. 
Ideally,  the  current  density  and  heating  will  be  higher  in 
the  tissue  of  high  water  content  where  tlie  conductivity  is 
greater. 
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Microwave  Applicators 

When  microwave  diathermy  was  first  introduced  in  1946, 
there  was  great  hope  that  it  would  provide  significantly 
improved  heating  patterns  over  those  produced  by  shortwave 
diathermy.  The  shorter  wavelength  made  it  possible  to 
direct  and  focus  the  power  so  as  to  couple  it  to  the  patient 
by  direct  radiation  from  a  small,  con5)act  applicator.  This 
was  originally  believed  to  be  a  distinct  improvement  over 
the  quasi-static  and  inductive  coupling  of  the  field  to  the 
tissues  provided  by  the  cumbersome  capacitor  and  coil-type 
applicators.  The  cross-sectional  area  of  the  directed  power 
could  be  made  smaller  and  used  to  provide  much  more  flexi¬ 
bility  in  controlling  the  size  of  the  treatment  area. 


1.  Radiating  Type.  The  2450  MHz  diathermy  equipment 
that  is  currently  available  commercially  consists  of  a  100  W 
magnetron  generator  with  a  variable-power  control  calibrated 
in  percentage  of  total  power  output.  Various  types  of  stan¬ 
dard  dipole  and  monopole  applicators  used  with  this  genera¬ 
tor  are  illustrated  in  Figure  5. 


2.  Direct  Contact  Type.  The  superiority  of  frequencies 
lower  than  2450  MHz  for  therapeutic  heating  was  predicted  by 
Schwan  and  Piersol  (1954)  and  experimentally  verified  by 
Lehmann,  et  al.  (1962a,  1962b,  1965)  and  Guy  and  Lehmann 
(1966) .  Plane  wave  or  radiating- type  sources  become  imprac¬ 
tical  to  use  at  these  lower  frequencies,  since  it  is  impos¬ 
sible  to  focus  the  energy  into  a  beam  using  applicators  of 
reasonable  size;  thus,  the  near-zone  fields  of  the  appli¬ 
cators  extend  to  greater  distances.  Under  these  conditions, 
a  pure  radiation  or  far-zone  field  can  be  maintained  only  by 
placing  the  applicator  at  distances  at  which  large  areas  of 
the  body  would  be  exposed  and  excessive  power  levels  would 
be  required.  Thus,  in  order  tc  obtain  selective  heating 
with  reasonable  input  power  levels  (50  to  100  W)  ,  one  must 
necessarily  expose  the  tissues  to  the  near-zone  fields  of 
the  source.  The  fields  induced  in  the  tissue  are  then 
highly  dependent  on  the  field  distribution  and  frequency  of 
the  source  and  may  be  considerably  different  from  those 
produced  by  plane-wave  or  radiation  fields.  The  aperture 
source  provides  a  reasonable  model  for  studying  the  effect 
of  shape,  size,  and  frequency  of  a  source  on  the  fields 
induced  in  the  tissues.  Under  such  conditions,  the  size  and 
distribution  of  the  induced  fields  may  be  controlled,  resul¬ 
ting  in  inproved  diathermy  applicators. 


Figure  6.  A  915  MHz  direct-contact  applicator  (13  x  13 
cm)  composed  of  two  separate  TE  mode  waveguides.  (Guy,  et 
al.,  1978 [a]  IEEE).  ^ 

Figure  6  illustrates  a  915  MHz  direct-contact  applicator 
developed  by  Guy,  et  al.  (1978a).  This  13  x  13  cm  cavity 
applicator  is  coitposed  of  two  separate  mode  waveguides. 
A  light  weight  dielectric  foam  (Emerson^ &  Gumming,  Inc.) 
with  a  dielectric  constant  of  4  is  used  to  load  the  appli¬ 
cator  to  allow  915  MHz  wave  propagation  in  the  small  size 
waveguide  feed  system.  The  foam  is  also  porous  which  allows 
cooling  air  to  be  blown  through  the  applicator  and  onto  the 
surface  of  the  tissue  being  treated.  This  makes  greater 
heating  of  the  deeper  tissue  possible  without  an  excessive 
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rise  in  the  temperature  of  the  surface  tissue.  An  acrylic 
radome  is  placed  at  the  aperture  to  separate  the  metal  edges 
of  the  applicator  from  the  tissue  to  prevent  hotspots. 

Kantor,  et  al.  (1978)  described  a  2450  MHz  circularly 
polarized  applicator,  shovm  in  Figure  7,  which  has  a  single 
feed  and  a  pair  of  phase  shifters  for  producing  a  circularly 
polarized  mode.  The  circularly  polarized  fields  pro¬ 
vide  more  uniform  heating  than  linearly  polarized  fields. 
There  is  also  an  annular  choke  to  control  the  leakage  level 
within  the  required  5  mW/cm^. 


Figure  8.  A  2450  MHz  slab-loaded  direct-contact  appli¬ 
cator  consisting  of  a  standard  WR-430  waveguide  loaded  with 
Teflon  slabs  of  dielectric  constant=2.  (Kantor  and  Witters, 
©  1980  IEEE) . 
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A  slab- loaded  rectanglar  waveguide  applicator  was  also 
described  by  Kantor  and  Witters  (1980) ,  This  applicator, 
shown  in  Figure  8,  is  a  standard  WR-430  waveguide  loaded 
with  Teflon  slabs  of  dielectric  constant  2.  These  slabs 
provide  more  uniform  heating  patterns  by  forcing  the  fields 
to  be  uniform  in  the  air  space  between  the  slabs.  The  aper¬ 
ture  is  also  surrounded  by  a  choke  to  minimize  leakage. 


3.  Phased  Array  Contact  Applicator.  Heating  in  deep 
tissues  may  be  significantly  increased  by  the  use  of  a 
phased  array  of  applicators  rather  than  a  single  applicator 
(Guy  and  Chou,  1982)  .  For  exairple,  if  two  identical  appli¬ 
cators  are  placed  on  opposite  sides  of  a  body  member,  such 
as  the  leg  or  arm,  and  the  applicators  are  fed  by  the  same 
source  so  that  the  aperture  field  distributions  are  in  elec¬ 
trical  phase,  the  electric  fields  at  the  center  of  the 
cylinder  will  be  doubled  due  to  the  two  applicators.  Since 
the  heating  is  proportional  to  the  square  of  the  electric 
field,  the  heating  will  be  increased  by  a  factor  of  four. 
If  two  additional  applicators  are  placed  in  the  same  way, 
with  the  center  line  of  each  perpendicular  to  the  center 
line  of  the  first  two  applicators,  and  they  are  also  fed  in 
phase,  the  total  heating  from  the  four  applicators  will 
greater  by  a  factor  of  8  than  that  achieved  with  a  single 
applicator.  The  fields  of  the  two  pairs  of  applicators  do 
not  add  directly  since  they  are  orthogonal.  If  we  consider 
a  spherical  object  being  exposed  in  the  same  way  with  four 
applicators  and  another  two  applicators  are  added  to  the 
remaining  two  open  sides  of  the  sphere,  the  heating  could  be 
increased  by  a  factor  of  12  over  that  of  a  single  applica-- 
tor.  The  results  of  an  experimental  study  of  the  use  of  a 
phased  array  consisting  of  915  MHz  rectangular  aperture 
applicators  exposing  a  cylindrical  phantom  model  of  the 
human  arm  is  shown  in  Figure  9.  In  these  experiments,  the 
applicators  were  fed  in  phase  using  a  system  of  hybrid 
couplers. 


MEASUREMENT  OF  ELECTROMAGNETIC  HEATING 


The  rate  of  energy  absorption  in  tissue  V7  depends  on 
many  factors.  One  of  these  factors  relates  to  the  dielec¬ 
tric  properties  of  the  tissue.  The  fat  thickness  and  the 
amount  of  bone  in  the  treated  area  can  affect  the  amount  of 
energy  absorption  because  of  the  disparity  in  dielectric 
properties  of  tissues  with  high  and  low  water  contents.  The 


Figure  9.  A  phased  array  of  four  915  MHz  direct-contact 
applicators  for  heating  a  human  arm.  The  four  applicators 
fed  in  phase  provide  heating  greater  by  a  factor  of  8  than 
that  provided  by  a  single  applicator.  (Reprinted  with  per¬ 
mission  from  Guy  and  Chou,  1982.) 


shape,  size,  and  depth  of  the  tissue  to  be  treated  also 
greatly  influence  the  energy  absorbed.  For  example,  the 
absorption  in  the  head  will  be  very  different  from  that  in 
the  arm  or  back.  The  factors  affecting  the  coupling  of 
energy  between  the  applicator  and  the  tissue  are:  frequency 
of  operation,  the  type  of  applicator,  the  size  and  geometry 
of  the  applicator,  the  orientatior  of  the  fields,  the 
spacing  between  the  applicator  and  tissue,  and,  of  course. 
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the  input  power  to  the  applicator.  This  rate  of  energy  ab¬ 
sorption  W  is  defined  by  the  National  Council  of  Radiation 
Protection  and  Measurements  (1981)  as  the  Specific  Absorp¬ 
tion  Rate  (SAR)  . 

The  final  tenperature  pattern  in  the  tissue,  as  discussed 
above  (BIOPHYSICS  OF  ELECTROMAGNETIC  HEATINi.-)  ,  is  determined 
by  the  SAR  (i.e.,  W  ),  the  duration  of  exposure,  the  meta¬ 
bolic  heat  generation,  and  the  heat  loss  due  to  thermal  con- 
ductior  and  blood  flow.  Since  the  heat  transfer  and  the 
blood  flow  differ  at  various  locations  in  the  treated  areas 
and  are  usually  unknown  during  treatment,  it  is  not  possible 
to  measure  the  final  temperature  for  every  treatment  before 
a  suitable  heating  method  is  applied.  However,  the  SAR  can 
be  quantified  for  many  general  cases.  This  SAR  is  very  use¬ 
ful  for  the  comparison  of  different  applicators.  It  pro¬ 
vides  a  criterion  for  the  evaluation  of  the  efficiency  of 
specific  applicators  for  raising  tissue  tenperature  to  a 
therapeutic  level. 

The  SAR  in  a  particular  volume  of  tissue  may  be  deter¬ 
mined  from  the  in'.tial  linear  increase  in  temperature  fol¬ 
lowing  ejposure  to  electromagnetic  fields.  This  must  be 
done  before  the  temperature  of  the  tissue  is  significantly 
altered  by  heat  diffusion  and  blood  flow:  thus  such  meas¬ 
urements  are  usually  made  with  an  application  of  high  power 
of  short  duration.  Since  the  power  need  only  be  applied 
long  enough  to  measure  a  change  of  a  few  degrees,  the  meas¬ 
urement  can  be  made  without  thermal  damage  to  the  tissue. 

T  ;erature  probes  used  for  accurately  determining  the 
true  cate  at  which  temperature  changes  must  have  a  rapid 
response  and  must  also  perturb  electromagnetic  fields  mini¬ 
mally.  Several  tenperature  probes  that  meet  these  criteria 
have  been  described  and  are  available  commercially  (Bovmian, 
1976;  Rozzell,  et  al.,  1975;  VJickersheim  and  Alves,  1979). 
Since  the  heating  pattern  may  vary  considerably  over  a 
three-dimensional  volume  of  tissue,  a  single  point  meas¬ 
urement  will  not  define  the  pattern  or  quantify  the  maximum 
SAR  or  temperature  increase.  Multiple  probes,  such  as  used 
on  BSD-1000  hyperthermia  equipment,  can  provide  better  in¬ 
formation  about  the  pattern  of  heating,  but  only  to  a 
limited  extent. 

Guy  (1971a)  has  described  a  themographic  method  for 
rapid  measurement  of  the  SAR  in  tissue  through  the  use  of 
models.  This  method  uses  a  thermographic  camera  for  re¬ 
cording  temperature  changes  induced  by  radiofrequency  fields 
over  an  internal  surface  of  the  exposed  object.  The  models 
are  composed  of  materials  with  dielectric  and  geometric 
properties  similar  to  those  of  the  tissue  structures  which 
they  represent.  Special  inaterials  have  been  developed  that 


72 


Arthur  W  Guy  and  Chung-Kwang  Chou 


sinrulata  human  fat,  muscle,  brain,  and  bone.  Models  are 
designed  to  separate  along  planes  perpendicular  to  the  tis¬ 
sue  interfaces  so  that,  after  e:^osure  to  radio  frequency 
fields,  a  cross-sectional  temperature  distribution  can  be 
measured  wirh  a  thermograihic  camera.  A  silk  screen  is 
placed  over  the  pre-cut  surface  on  each  half  of  the  model  to 
hold  the  tissue  material  in  place  and  to  provide  electric 
contact  between  the  two  halves  of  the  model.  A  plane  of 
separation  is  first  scanned  with  the  thermographic  camera  in 
order  to  record  the  pre-e3q)OSuie  distribution  of  tempera¬ 
tures.  The  assembled  model  is  then  e^qjosed  to  the  same 
electromagnetic  source  that  will  be  used  to  expose  actual 
huir.an  tissue.  After  a  short  exposure  to  a  power  level  much 
higher  than  normally  used  for  therapy,  the  model  is  quickly 
disassembled  and  the  new  temperature  pattern  over  the  sur¬ 
face  of  separation  is  measured  and  recorded  by  means  of  the 
thermographic  camera.  Since  the  thermal  conductivity  of  the 
tissue  model  is  low,  tha  rate  of  the  change  in  the  distri¬ 
bution  of  temperatures  measured  during  the  short  exposure 
will  closely  approximate  the  SAR  pattern  over  the  flat  sur¬ 
face,  except  in  regions  of  high  teiiperature  gradients  where 
errors  may  occur  due  to  appreciable  heat  diffusion.  The 
thermographic  techniques  described  for  use  with  models  can 
also  be  used  to  quantify  the  SAR  patterns  in  sacrificed 
animals  exposed  to  radiofrequency  fields  (Chou  and  Guy, 
1977;  Johnson  and  Guy,  1972)  and  the  skin  surface  of  live 
animals  (Guy,  et  al.,  1978b;  Chou  and  Guy,  1982). 


HEATING  PATTERNS 


In  this  section,  we  will  discuss  the  SAR  patterns  ob¬ 
tained  theoretically  and  experimentally  from  models  and 
human  subiects. 


Shortwave  Applicators 

Guy,  et  dl.  (1974)  analyzed  the  SAR  patterns  in  plane 
layers  of  tissues  exposed  to  27.12  MHz  shortwaves  with  an 
induction  coil  as  shown  in  Figure  10.  The  SAR  patterns  were 
calculated  for  different  thicknesses  of  fat  and  different 
applicator  spacings  using  the  variables  defined  in  Figure 
10.  An  exanple  of  the  relative  SAR  patterns  is  shown  in 
Figure  11.  T,.e  predicted  SAR  patterns  agree  very  well  with 
measurements  obtained  using  pig  tissues  (Lehmann,  et  al., 
1968) .  Figure  12  illustrates  temperature  measurements  made 
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Figure  10.  Geometry  and  ccor'^inates  for  plane  layers  of 
skin,  fat,  and  muscle  tissue  exposed  to  27.12  MHz  shortwaves 
with  a  flat  "pancake"  diathermy  induction  coil.  (Guy,  et 
al . ,  ©  1974  IEEE) . 


in  the  thighs  of  human  subjects  exposed  to  shortwave  dia¬ 
thermy.  The  inductive  shortwave  diathermy  is  more  effective 
than  capacitive  heating  in  elevating  the  temperature  of  deep 
tissue  while  maintaining  a  cool  temperature  at  the  surface. 
The  major  disadvantage  of  the  inductive  applicator  is  the 
toroidal  SAR  pattern  which  is  not  efficient  for  heating 
small  tumors. 


Microwave  Applicators 

If  ocher  than  a  plane  wave  source  is  used  to  expose  bio¬ 
logical  tissues,  the  SAR  patterns  v/ill  be  highly  dependent 
on  the  size  of  the  source  and  the  distribution  of  the  field. 
Many  applications  of  microwave  power  in  medicine  require  a 
quantitative  understanding  of  the  possible  SAR  patterns  in 
tissues  that  can  result  from  the  use  of  aperture  and  wave¬ 
guide  sources.  Guy  {1971b)  has  analyzed  a  case  where  a  two¬ 
layered  fat  (thickness  z^)  and  muscle  tissue  model  was 
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RELATIVE  HEATING  IN  />  -  Z  PLANE 


Figure  11.  Calculated  SAR  patterns  in  fat  (2  cm  thick) 
at  different  depths  exposed  to  a  27.12  MHz  "pancake"  dia¬ 
thermy  induction  coil.  (Guy,  et  al.,  0  1974  IEEE). 


exposed  to  a  direct-contact  aperture  source  of  width  a  and 
height  b  as  shown  in  Figure  13.  Figure  14  illustrates  the 
results  of  this  work  where  the  relative  SAR  levels  in  the 
x-z  plane  are  plotted  for  width  a=12  cm  and  height  b=2,  4, 
12,  and  26  cm  (Figure  14,  A,  B,  C,  D)  .  For  comparison,  the 
SAR  at  the  surface  of  the  fat  due  to  a  plane  wave  ej^osure 
is  denoted  by  a  dashed  line  in  each  figure.  With  small 
aperture  heights,  the  applicator  produces  considerable 
superficial  heating,  in  excess  of  that  produced  by  plane 
wave  exposure,  and  minimal  heating  in  the  underlying  muscu¬ 
lature.  As  the  aperture  height  is  increased,  the  relative 
heating  in  the  deeper  musculature  increases  greatly,  com¬ 
pared  to  the  superficial  heating  in  the  fat  layer. 

The  SAR  patterns  in  multi-layered  cylindrical  tissues 
exposed  to  an  aperture  source  can  also  be  determined  by 
representing  the  fields  in  the  region  as  a  summation  of 
three-dimensional  cylindrical  waves,  expressing  the  aperture 
field  as  a  two-dimensional  Fourier  series,  and  matching  the 


Electromagnetic  Heating  for  Therapy 


75 


Minutes 


Figure  12.  Tenfierature  measurements  in  the  thighs  of 
human  subjects  (Z.  ®  0.6  cm  and  h  =  3.5  cm  as  defined  in 
Figure  10)  e:ig3osea  to  a  "pancake”  diatheriBy  induction  coil. 
(Reprinted  with  permission  from  Lehmann,  et  al.,  1968) . 


boundary  conditions.  Ho,  et  al.  (1971)  have  calculated  the 
SAR  patterns  for  a  number  of  different  sizes  of  apertures 
and  cylinders.  Typical  results  are  shown  in  Figure  15  for  a 
human-arm-sized  cylinder  exposed  to  a  surface  aperture 
source  12  cm  long  with  the  electric  field  polarized  in  the 
direction  of  the  cylinder  axis.  The  patterns  are  plotted  as 
a  function  of  the  radial  distance  from  the  center  of  the 
cylinder  for  various  circumferential  angles,  0,  measured 
with  respect  to  the  reference  at  the  center  of  the  aperture. 
The  patterns  are  normalized  to  the  values  calculated  at  the 
reference  (0-0)  on  the  fat-muscle  interface.  The  difference 
between  the  SAR  patter.is  calculated  for  cylindrical  tissues 
and  plane-layered  tissues  demonstrates  the  significant  role 
of  tissue  curvature  in  assessing  the  effectiveness  and 
safety  of  devices  designed  for  the  medical  applications  of 
microwave  energy. 

All  of  the  theoretical  results  discussed  in  this  section 
strongly  indicate  the  ineffectiveness  of  2450  MHz  for  dia¬ 
thermy,  as  pointed  out  in  earlier  reports  by  Schwan  and 
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Figure  13.  Exposure  of  a  two-layered  fat  and  muscle  tis¬ 
sue  model  to  microwave  power  from  a  direct- contact  aperture 
source.  (Guy,  1571 [b]  IEEE). 


Piersol  (1954,  1955) ,  Lehmann,  et  al.  (1962a,  1962b,  1965) , 
Lehman  (1971)  ,  Guy  and  Lehmann  (1966)  ,  and  Guy  (1971a, 
1971b) .  Although  the  lower  frequencies  of  515  MHz  author¬ 
ized  in  the  United  States  or  433  MHz  authorized  in  Europe 
appeared  to  be  better  choices,  the  theoretical  data  show 
that  750  MHz  would  be  the  best  choice  for  an  applicator  of 
convenient  size  for  heating  100-200  cm^  regions  in  the 
clinic. 


1.  Radiation  Type  Applicators.  Figure  16  illustrates 
the  absorption  patterns  in  fat-muscle  layers  of  tissue  ex¬ 
posed  to  the  diathermy  C  director  as  measured  by  the  themno- 
graphic  method  for  different  thicknesses  of  fat.  The 
spacing  between  the  applicator  vplastic  cover)  and  the  sur¬ 
face  of  the  tissue  was  set  to  the  clinically-reccmmended 
value  of  5  cm.  The  models  used  for  these  studies  were 
assembled  by  first  constructing  a  30  cm  x  30  cm  x  14  cm  box 


Figure  15.  SAR  patterns  for  a  multi-layered  human-arm- 
sized  cylinder  (20  cm  long)  exposed  to  a  direct-contact 
aperture  source  (90°  angle  and  12  cm  long)  at  four  different 
frequencies  with  the  electric  field  polarized  in  the  direc¬ 
tion  of  the  cylinder  axis.  (Ho,  et  al.,  Q)  1971  IEEE.) 
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•  .  .  CALCULATED  POWER  ABSORPTION  DENSITY 

Figure  16.  Thermograms  and  relative  SAR  patterns  for 
different  thicknesses  of  fat  in  plane  fat-muscle  tissue 
models  exposed  to  2450  MHz  from  a  diathermy  C  director  at  5 
cm  spacing.  B  scans  taken  at  midline  o.f  the  model  and  4  cm 
below  the  midline.  The  dotted  lines  represent  calculated 
SAKS.  (Guy,  et  al.,  ©  1974  IEEE.) 


with  Plexiglas  sides  of  1/4"  thickness,  and  top  and  bottom 
surfaces  of  solid  synthetic  muscle.  The  thermographic  cam¬ 
era  was  set  to  obtain  a  C  scan  (intensity  proportional  to 
temperature)  over  a  two-dimensional  area,  as  shown  by  the 
large  photographs  in  Figure  16.  The  B  scans  consisted  of 
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Figure  I"?,  Measurements  of  temperature  in  the  thigh  of  a 
human  volunteer  exposed  to  microwaves  at  2456  MHz  using  a  C 
director.  (Reprinted  with  permission  from  Lehmann,  et  al . , 
1965)  . 


two  one-dimensional  scans,  one  before  and  one  after  ej^^o- 
sure,  with  the  same  horizontal  scale  as  the  C  scans  and  a 
vercical  deflection  proportional  to  temperature  (scale  is 
giver  under  each  figure)  .  The  B  scans  were  taken  along  the 
horizontal  midline  and  also  along  a  parallel  line  4  cm  below 
the  midline  of  the  model. 

Lehmann,  et  al.  (1965)  have  reported  measurements  of  tem¬ 
perature  made  in  the  thighs  of  human  volunteers  (with  a  fat 
layer  0.8  cm  thick  and  the  applicator  spaced  at  2  cm  inter¬ 
vals)  exposed  to  the  C  director  as  shov/n  in  Figure  17.  For 
these  cases,  the  applied  power  was  adjusted  to  the  level 
where  discomfort  or  mild  pain  was  felt  temporarily  at  the 
surface  of  the  skin.  The  heating  pattern  of  the  B  director 
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was  shown  to  be  toroidal  like  that  of  a  shortwave  inductive 
applicator  (Kantor,  1977) . 

The  depth  of  the  heating  patterns  obtainable  with 
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Figure  18.  Thermograms  of  the  exposure  of  a  plane  fat- 
muscle  tissue  model  to  a  918  MHz  direct-contact  applicator. 
The  maximum  SAR  in  the  muscle  is  3.27  W/kg  per  watt  input. 
(Guy,  et  al.,  ©  1974  IEEE). 


radiation  microwave  applicators  is  somewhat  less  than  that 
obtainable  with  shortwave  inductive  applicators.  When  all 
aspects  are  considered,  the  heating  characteristics  of  the 
shortwave  inductive  diathenty  applicator  discussed  in  the 
previous  section  appear  to  be  superior  to  those  obtained 
with  2450  MHz  modalities  in  terms  of  therapeutic  value. 


2.  Direct-Contact  Type  Applicators.  The  thermograms 
illustrated  in  Figure  18  show  SAR  patterns  in  a  model  of 
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hviman  muscle  tissue  e^osed  to  the  915  MHz  direct-contact 
applicator.  The  results  show  that  the  maximum  absorption  in 
the  muscle  is  3.27  W/kg  per  W  input  to  the  applicator. 
Thus,  an  input  power  of  approximately  50  W  will  produce  ein 
SAR  of  approximately  164  W/kg  in  the  tissue,  more  than  ade¬ 
quate  for  typical  clinical  applications.  Taking  density  £ind 
specific  heat  into  account,  the  maximum  SAR  in  the  fat  using 
the  915  MHz  applicator  was  approximately  40  percent  of  that 
in  the  muscle.  The  maximum  SAR  per  unit  of  incident  power 
density  was  greater  than  that  for  plane  wave  e:q)osure.  This 


•  / 

,/  / 


Codinq  pkJte'v  / 

applied  to  5kin  1/ 

surface  - - 


0  2 


Depth 

• — 'fat  -1.0  cm 
6 — A  muscle  -3.0  cm 
□ — o  muscle  -3.1  cm 

- muscle  -4.3  cm 

o — o  muscle  -4,5  Cin 

- skin  surface 

fat-muscle  interface  at  2.1  cm 


/  Power  off 

Power  on 

T — I - — I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1“ 

10  14  18  22  26  30  34 

Minutes 


Figur*'  19.  A  record  of  the  tenperatures  in  the  thigh  of 
a  human  volunteer  with  2.1  cm  of  subcutaneous  fat  exposed  to 
microwaves  with  a  918  MHz  direct-contact  applicator  with 
surface  cooling.  (Reprinted  with  permission  from  deLateur, 
et  al.,  1970.) 


was  expected  since  this  applicator  was  designed  to  couple 
all  of  the  applied  energy  to  the  tissue,  whereas,  with  a 
plane  wave  source,  a  considerable  amount  of  energy  is 
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reflected  from  the  surface.  The  characteristics  of  deep 
penetration  and  minimal  heating  of  fat  demonstrated  in 
models  cortpare  favorably  with  those  using  shortwave  dia- 
themQ^.  An  additional  advantage  is  that  the  heating  pattern 
is  reasonably  uniform,  in  contrast  with  the  undesirable 
toroidal  pattern  produed  by  shortwave  diathermy. 

The  915  MHz  UHF  applicator  was  tested  under  clinical  con¬ 
ditions  by  Lehmann,  et  al .  (1978)  and  de  Lateur,  et  al. 
(1970)  by  ej^xDsing  the  thighs  of  human  volunteers.  The  ex¬ 
periments  were  conducted  both  with  and  without  cooling  of 
the  skin  surface.  Figure  19  shows  the  results  of  a  typical 
experiment  for  a  subject  with  2.1  cm  of  subcutaneous  fat. 
The  initial  5  minutes  of  cooling  lowered  the  skin  ten5)era- 
ture  below  17  “C  cuid  the  fat  temperature  to  28  ®C.  The 
temperature  of  the  muscle  tissue  was  unaffected,  when  power 
was  applied,  the  usual  linear  transient  was  observed,  from 
which  SARs  of  87  \i/kg  and  54  WAg»  calculated  in  the  muscle 
at  depths  of  1.4  cm  and  2.1  cm  respectively,  were  obtained. 
An  SAR  of  56  W/kg  at  the  center  of  the  fat  layer  was  also 
calculated.  During  the  20  minute  heating  period,  the  muscle 
temperature  as  a  function  of  time  followed  the  characteris¬ 
tic  trend  illustrated  in  Figure  1.  The  tenperature  reached 
a  maximum  ot  45  ’C  at  a  location  0.5  to  0.6  cm  below  the 
fat-muscle  interface  after  a  typical  6  min.  ejqjosure  perij^^ 
Sekins,  et  al  (1980)  and  Sekins  (1981)  have  used  the  Xe 


Figure  20.  Temperature  and  blood  flow  rate  (BFR)  mea¬ 
sured  at  the  site  of  a  xenon  injection  in  the  thigh  muscle 
of  a  human  subject  during  915  MHz  direct-contact  microwave 
diathenty  treatment.  (Reprinted  with  permission  from 
Sekins,  1981.) 
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clearance  technique  to  measure  the  rate  of  blood  flow  in  the 
thigh  muscle  during  microwave  diathermy  treatment.  Figure 
20  shows  an  exanple  of  the  ten?>erature  and  blood  flow  data 
in  one  subject.  The  blood  flow  increased  from  4  to  36 
ml/min  per  100  g  tissue  during  the  diathermy  treatment.  It 
is  interesting  to  see  that  the  blood  flow  stayed  at  the 
resting  value  even  vdien  the  temperature  was  42  °C.  The 
blood  flow  increased  only  when  the  tenperatvire  reached  43 
®C.  The  blood  flow  stayed  high  to  keep  the  temperature  near 
41  ®C  (not  shown  in  Figure  20) . 

Lehmeinn,  et  al.  (1968)  conducted  esq^eriments  on  human 
volunteers  that  demonstrated  that  the  13  cm^  radome  cooled 
direct-contact  microwave  applicator  heated  muscle  tissue 
selectively,  to  a  maximum  level  between  43  and  45  ®C  at  a 
depth  of  1  to  2  cm  in  the  imiscle.  By  increasing  power 
levels  sufficiently  to  compensate  for  blood  cooling,  it 
would  be  possible  to  return  the  muscle  temperature  to 
43-45  ®C  and  keep  it  there  for  long  periods  of  treatment. 

Kantor  and  Cetas  (1977)  measured  thermographically  the 
widths  and  depths  of  heating  patterns  of  four  2450  MHz 
direct- contact  applicators,  including  a  circular  applicator 
and  a  slab-loaded  waveguide  applicator.  The  depth  cf 
heating  was  the  same  (2.2  cm)  for  all  four  applicators.  The 
widths  of  the  heating  patterns  were  related  to  the  size  of 
the  aperture  and  distribution  of  the  field.  When  the  choke 
was  added  to  the  slab-loaded  waveguide,  the  width  of  the 
heatxng  pattern  was  reduced  slightly  as  compared  with  that 
of  the  original  flange  applicator  (Kantor  and  Witters, 
1980)  .  No  data  were  reported  on  the  clinical  use  of  these 
applicators . 

The  direct  contact  applicators  not  only  provide  better 
coupling  of  energy  into  the  tissue,  but  also  reduce  the 
stray  radiation  considerably  (Guy,  et  al ,  1974;  Kantor  and 
Cetas,  1977;  Lehmann,  et  al.,  1979).  This  reduction  in 
stray  radiation  is  an  important  safety  consideration  for 
both  the  patient  and  the  therapist. 


3.  Phased- Array  Applicators.  The  thermographically- 
determined  SAP  distribution  for  a  single  applicator  was 
similar  to  the  theoretical  value  shown  in  Figure  15.  When 
the  same  model  was  exposed  with  the  four  phased-array  appli¬ 
cators,  the  results  shown  in  Figures  21  and  22  were  ob¬ 
tained.  The  results  show  a  marked  change  of  the  SAP 
pattern,  with  the  maximum  SAP  occurring  at  the  bone-muscle 
interface  and  a  uniform  SAP  occurring  around  the  periphery 
of  the  bone.  This  configuration  would  appear  to  be  ideal 
for  treating  bone  tiomors  since  the  maximum  heating  would 
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Fxgure  21.  Thermographic  results  of  the  exposure  of  , 
human  arm  model  (cross-sectional  surface)  to  915  MHz  micro 
waves  from  four  phased  array  direct- contact  applicators  nor- 
to  1.0  W  input.  (Reprinted  with  permission  from  Gu' 
and  Chou,  1982.)  The  applicators  are  shown  in  Figure  9. 


always  occur  at  the  interface  between  healthy  bone  and  th 
tumor  tissue  of  higher  water  content. 


DISCUSSION 


Controlled  electromagnetic  heating  of  tissues  in  humai 
requires  considerable  study  of  a  theoretical  ai 
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shape  of  the  tumor  are  important  considerations  in  the 
selection  of  a  proper  source  of  electromagnetic  radiation. 
The  pattern  of  transient  or  steady  state  temperatures  within 
a  volume  of  exposed  tissue  is  not  only  dependent  on  the  SAR 
pattern  but  also  on  the  blood  flow,  thermal  properties,  and 
boundary  conditions  in  the  tissue  medium.  The  selection  of 
a  proper  modality  for  a  particular  clinical  situation  must 
involve  the  solution  of  the  following  three  problems. 


Problem  I 

Clinical  hyperthermia  has  been  severely  restricted  by 
unsatisfactory  equipment  with  limited  power  output  for 
heating  tissue.  Most  of  the  clinical  e3q)erience  to  date  has 
been  gathered  from  patients  treated  with  "homemade"  compo¬ 
nents.  Elementary  designs  of  applicators  for  clinical 
hyperthermia  have,  for  the  most  part,  allowed  heating  of 
superficial  tumors  only.  In  any  case,  the  distribution  of 
heat  tends  to  be  uneven.  When  radiobiological  data  indicate 
a  threshold  of  effective  heat  for  killing  tumor  cells  that 
lies  within  a  narrow  range  of  tenperatures ,  the  problem  of 
inhomogeneity  of  tissue  tenperature  becomes  a  major  obstacle 
to  successful  treatment. 

The  successful  treatment  of  a  tumor  without  damage  to 
surrounding  healthy  tissues  requires  that  tenperatures  in 
the  tumor  be  sufficiently  high  to  be  effective,  but  at  the 
same  time  tenperatures  in  the  surrounding  tissues  must 
remain  at  the  safe  levels  to  avoid  damage  to  healthy 
tissues.  This  pattern  must  be  prescribed  by  a  clinician  or 
a  specialist  in  the  life  sciences  who  is  knowledgeable  about 
the  physical  characteristics  and  the  thermal  sensitivity  of 
both  the  neoplastic  and  the  surrounding  healthy  tissue.  In 
addition,  the  time-tenperature  relationship  for  providing 
the  most  effective  treatment  must  be  defined. 


Problem  II 

Once  the  required  spatial  and  temporal  pattern  of  tenper- 
atures  is  defined,  the  next  step  would  ideally  involve  the 
determination  of  the  required  SAR  as  a  function  of  time  and 
position  to  produce  the  desired  pattern  of  temperatures. 
This  requires  a  careful  theoretical  analysis  based  on  infor¬ 
mation  concerning  the  thermodynamic  properties  of  the  tis¬ 
sues,  including  blood  flow  rates,  thermoconductivity, 
specific  heat,  and  boundary  conditions  of  the  tissues  within 
the  treatm.ent  region. 
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Since  the  desired  result  of  a  protocol  of  tissue  heating 
is  the  develv  pment  of  high  local  temperatures,  it  is  neces¬ 
sary  that  the  clinician  or  the  thermal  analyst  be  able  to 
specify  botn  the  level  of  heating  and  its  spatial  and  tem¬ 
poral  characteristics.  To  do  so  is  a  twofcld  problem  since 
it  is  usually  not  clear  what  effect  a  given  distribution  of 
heating  will  have  on  tissue  tenperatures  and,  even  if  this 
is  known,  whether  such  deposition  patterns  can  be  achieved. 
In  fact,  it  is  most  probable  that  a  range  of  different 
energy  depositions  may  yield  essentially  the  same  tenper- 
ature  profiles.  Which  of  these  several  deposition  patterns 
can  be  achieved  most  expeditiously  is  open  to  question,  par¬ 
ticularly  when  it  is  recognized  that  by  varying  the  temporal 
characteristics  or  the  thermal  boundary  conditions  quite 
disparate  results  may  be  obtained. 


Problem  III 

The  final  problem  is  the  selection  or  design  of  an  elec¬ 
tromagnetic  source  for  producing  the  required  SAR  patterns. 
This  is  probably  the  most  difficult  of  the  three  problems, 
requiring  the  selection  of  the  optimum  frequency,  source 
configuration,  and  method  of  application.  Electromagnetic 
modalities  now  being  used  for  physical  thesrapy  and  cancer 
treatment  include  low  frequency  currents,  high  frequency 
magnetic  or  electric  sources,  very  high  frequency,  and 
microwave  sources. 

In  the  use  of  electromagnetic  heating  mcdalities,  one  is 
faced  with  many  formidable  limitations,  the  major  one  being 
the  decreasing  depth  of  penetration  as  frequency  increases. 
This  limitation  makes  it  difficult  to  focus  or  transmit 
microwave  energy  to  deep-seated  tumors.  However,  by  using 
phased  arrays  of  sources  or  scanning  antennas  which  illumi¬ 
nate  a  relatively  large  surface  area  of  the  body  with  mod¬ 
erate  power  densities  but  produce  beams  that  intersect  deep 
within  the  body,  one  can  produce  higher  levels  of  SAR  at  the 
site  of  a  tumor  than  that  possible  from  a  single  or  non¬ 
scanning  source.  Thus  ■='ome  of  the  most  formidable  obstacles 
and  the  greatest  number  of  difficulties  are  encountered  in 
the  solution  of  Problem  III  due  to  the  physical  limitations 
in  the  design  of  suitable  electromagnetic  sources.  From  a 
practical  standpoint  most  research  and  experimentation  with 
electromagnetic  heating  modalities  have  started  with  Problem 
Til,  rather  than  Problem  I,  since  the  limitations  of  elec¬ 
tromagnetic  heating  are  the  controlling  factors  in  deter¬ 
mining  the  fina]  distributions  of  temperatures  in  treated 
tissues.  It  has  proved  more  efficient  to  determine  the  SAR 
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or  heating  patterns  -chat  are  possible  with  electromagnetic 
sources  and  define  the  limitations  of  this  type  of  heating 
rather  than  to  rigorously  attempt  to  solve  a  problem  that 
may  not  have  a  solution.  Thus,  there  must  be  trade  offs  and 
coitpromises  between  the  clinical  requirements  and  the  limi¬ 
tations  of  the  electromagnetic  heating  modalities. 
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IN  VIVO  TEMPERATURE  MEASUREMENTS  DURING 
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INTRODUCTION 


As  early  as  1953,  Brady  recognized  the  potential  for 
thermal  hazards  from  whole-body  exposure  tc  radiofrequency 
radiation  (RI'R}  in  operational  situations.  A  critical  anal¬ 
ysis  of  the  absorption  of  such  energy  by  humans  and  the 
thermal  consequences  of  such  absorpticn  was  iindertaken  by 
Schwan  and  Piersol  (1954,  1955)  adding  greatly  to  the  cur¬ 
rent  understanding  of  the  problem.  Crucial  to  the  develop¬ 
ment  of  dosimetric  techniques  was  the  documentation  that 
whole-body  energy  absorption  is  a  function  of  the  frequency 
of  the  incident  wave  (Schwan  and  Li,  1956).  On  this  basis, 
simple  plane- layer  models  were  developed  that  dominated  the 
science  of  RFR  dosimetry  tor  several  years. 

In  the  late  1960s,  burgeoning  reports  of  biological 
effects  produced  by  RFR  e:q)osure  kindled  renewed  interest  in 
dosimetry.  Most  of  the  research  at  that  time  involved  small 
rodents  exposed  to  RF  fields  that  were  characterized,  at 
best,  by  frequency  and  incident  power  density.  Clearly, 
improved  dosimetric  techniques  were  called  for.  Early  work 
by  Guy  (1971a)  extended  the  plane-layer  analysis  to  more 
complex  objects  utilizing  infrared  thermography  of  man- 
equivalent  models  and  more  realistic  multi-layer  slabs  (Guy, 
1971b) .  Guy  and  his  co-workers  noted  the  unequal  distribu¬ 
tion  of  the  absorbed  energy  in  the  man-lake  figurines  auid 
this  thermographic  evidence  was  used  to  support  the  concept 
of  "hot  spots."  About  this  time.  Ho  and  his  colleagues 
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(1971)  constructed  mathematical  models  of  human  body  parts, 
incorporating  frequency  and  geometric  interactions,  that 
also  predicted  inhomogeneous  energy  absorption.  Dosimetric 
theories  and  models  mushroomed  in  the  1970s.  In  his  summary 
of  known  interactions  of  RFR  x/ith  biological  systems,  Schwan 
(1971)  expressed  doubts  regarding  resonance  phenomena, 
neurological  effects,  and  the  like,  emphasizing  the  impor- 
tcince  of  gross  thermal  effects.  On  the  other  hand,  Johnson 
and  Guy's  excellent  summary  (1972)  reiterated  the  concept  of 
hot  spots,  proposed  specific  absorption  •'•ate  (SAR)  as  the 
most  useful  quantity  to  correlate  with  biological  effects, 
and  suggested  internal  temperature  measurement  in  the  intact 
system  as  the  only  realistic  way  to  evaluate  potential 
hazards. 

Livesay  and  Chen  (1974)  developed  a  theoretical  method  to 
determi-ne  internal  field  distributions  inside  heterogeneous 
biological  bodies  of  irregular  shapes.  Kritikos  and  Schwan 
(1975)  contributed  to  our  understcuiding  of  unequal  distri¬ 
bution  of  heating  potential  inside  lossy  spheres  and  speci¬ 
fied  the  radius-to-frequency  ratios  under  which  a  hot  spot 
appears.  Additional  insight  was  provided  by  characterizing 
the  absorption  effects  in  terms  of  frequency  and  orientation 
in  the  RF  field  (Gandhi,  1975a;  Guy,  et  al.,  1976),  as  well 
as  by  demonstration  of  resonance  phenomena  (Gandhi,  et  al., 
1975;  Barber,  1977).  Foci  of  unequal  SAR  as  a  function  of 
orientation,  frequency,  or  presence  or  absence  of  ground 
plane  in  mathematical  models  (Chen  and  Guru,  1977)  as  well 
as  in  dead  or  anesthetized  animals  (Gandhi,  1975b)  were 
reported.  The  unavailability  of  a  truly  nonperturbed  tem¬ 
perature  sensor  for  use  in  RF  fields  han^jered  the  latter 
work.  Gandhi  and  Hagman*"  (1977)  also  predicted  partial  body 
resonance  that  was  later  measured  in  a  monkey  model  by  Olson 
cuid  Griner  (1980)  .  Atten5)ts  to  modify  mathematical  models 
of  GAR  in  man  by  including  thermoregulatory  terms  for 
sweating  (Emery,  et  al.,  1976)  and  by  irradiation  of  simu¬ 
lated  biological  materials  (Foster,  et  al.,  1978)  did  not 
generate  accurate  estimates  of  energy  absorption  and  accom¬ 
panying  temperature  distribution  in  tissues.  Further 
refinements  of  earlier  mathematical  simulations  subsequently 
produced  more  agreement  with  geometric  model  and  figurine 
data  (Hagmann,  1979).  Spiegel,  et  al.  (1980)  presented  a 
more  ambitious  attempt  to  include  thermoregulatory  responses 
and  blood  flow  effects  in  su^-v*  a  simulation.  They  predicted 
enhanced  local  SARs  •'.i.d  an  attendant  sharp  local  temperature 
increase  in  the  upper  arm  and  lower  thigh  at  whole-body 
resonant  frequencies  and  in  the  wrist  and  ankle  region  when 
exposure  occurred  at  frequencies  resonant  for  the  extrem¬ 
ities. 
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Burr  and  Krupp  (1980)  first  used  in  vivo  teit{)erature 
measurement  techniques  to  map  the  distribution  of  energy 
absorption  in  the  head  of  a  live  rhesus  monkey  and  coitpared 
the  findings  with  measurements  made  j.n  models,  detached  mon¬ 
key  heads  and  the  head  of  an  intact  carcass.  In  these 
experiments,  blood  flow  effects  significantly  modified  tem¬ 
perature  distribution  in  the  mid-brain,  when  coiipared  to  the 
sharp  peak  observed  in  the  3.3  cm  sphere.  The  results 
clearly  showed  the  difference  between  the  heating  potential 
referred  to  by  Kritikos  and  Schwan  (1979)  and  the  real-time 
tenperature  rise  in  the  presence  of  blood  flow.  Way,  et  al. 
(1981)  modified  Stolwijk's  thermoregulatory  model  to  con¬ 
sider  hot  spots  in  the  region  of  the  hypothalamus.  They 
concluded  that  'thermoregulatory  action  serves  to  prevent  any 
drastic  tenperature  rise  until  an  SAR  threshold  of  about 
5  W/kg  is  reached. 

One  result  of  the  accumulation  of  data  based  on  measure¬ 
ments  in  models,  figurines,  and  mathematical  simulations  was 
to  blur  the  distinction  between  electrical  hot  spots 
resulting  from  the  unequal  distribution  of  absorbed  energy 
and  thermal  hot  spots  representing  true  localized  tempera¬ 
ture  increases  in  biological  tissue  under  realistic  physio¬ 
logical  conditions.  The  concept  of  average  SAR  was  called 
into  question  as  a  reliable  gauge  for  coirparing  e:iq>eriments 
performed  at  differing  exposure  frequencies  and  incident 
power  levels  for  objects  or  subjects  of  varying  size  and 
shape . 

Although  no  eitpirical  evidence  exists  for  the  occurrence 
of  elevations  in  tissue  temperature  significantly  above  core 
tenperature  at  the  foci  where  enhanced  energy  absorption 
occurs,  the  informed  literature  on  this  subject  is  replete 
with  references  to  tissue  hot  spots,  target  organs  and 
extensions  of  the  concept  to  justify  drastic  reductions  in 
perriissible  exposure  levels  for  humans.  Tenperature  hot 
spots  have  become  an  accepted  fact,  and  regulatory  agencies 
are  now  seriously  ccnsidering  their  inpact  on  standards  for 
exposure  to  RFR. 

■j’he  invention  of  RFR- transparent  thermometers,  particu¬ 
larly  the  Vitek  Electrothermia  Monitor  developed  by  Bowman 
(1976)  ,  allowed  for  tenperature  deto....u.nations  in  vivo 
during  RFR  exposure.  Beginning  in  1980,  several  studies 
addressed  the  inpact  of  exposure  to  head  resonant  frequen¬ 
cies  (Adair  and  Adams,  1980)  partial  body  resonances  (Krupp, 
1981)  and  core  tenperature  response  during  whole-body  expo¬ 
sure  to  a  near-resonance  frequency  (Lotz,  et  al.,  1981). 
The  research  reporteci  below  was  designed  to  measure  the 
change  in  local  tissue  tenperature  to  unilateral  plane  wave 
(whole-body)  exposure  at  a  frequency  near  resonance,  in  an 
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intact  animal,  at  anatomical  sites  where  hot  spots  could  be 
e:5)ected,  based  on  predictions  from  the  literature  cited 
above. 


EXPERIMENTAL  METHODS 


Radiofrequency  Radiation  Exposures 

All  near-resonance  RFR  e3q>osures  were  performed  in  the 
far  field  of  an  anechoic  chamber,  3  x  3  x  5  m  (Emerson  and 
Cummings,  Inc.)  using  219  MHz,  continuous  wave  RFR,  produced 
by  an  amplifier  (MCL  Inc.  Model  10670)  with  an  open-ended 
waveguide  cintenna.  Incident  power  densities  were  measured 
prior  to  each  ejqsosure  using  a  10-cn  dipole  built  and  cali¬ 
brated  by  the  National  Bureau  of  Standards.  Values  read  at 
either  edge  of  a  100-cm-wide  field  were  10-15%  lower  than 
those  measured  at  the  center  of  bhe  field.  Differences  in 
the  vertical  dimension  were  not  measured  but  the  height  of 
the  vertical  field  utilized  was  less  than  one-third  the 
horizontal  distance.  For  purposes  of  this  report,  the  three 
readings  were  averaged  (Table  I).  SAR  values  for  wrist, 
an)cle,  biceps,  and  thigh  were  calculated  from  tenjjeratxire 
rises  following  30-second  ejqjosures  to  27  mW/cm^  in  monkey 
models  made  of  muscle  equivalent  material  using  the  method 
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Table  I.  Representative  Values  of  Measured 
Field  Intensity 


Inoident  Power  Density  (mW/cm) ^ 
Amplifier  , 


Output  (watts) 

Left 

Center 

Right  Average 

100 

4.74 

5.76 

5.02 

5.17 

200 

8.27 

10.19 

8.49 

8.98 

450 

15.  B5 

19.06 

16.12 

17.01 

900 

24.80 

29.44 

25.42 

26.55 

^Readings  taken 

1  meter 

from  horn 

along 

j 

horizontal  mid-  1 

line  of  beam. 

i 

1 

1 

Distance  from  center — 50 

cm. 

J 

% 

1 

< 

I 


:5 


i 
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TABLE  II.  SAR  Measurements  in  a  Monkey  Model 


Probe 

Site 

Depth  of  Probe  (cm)^ 

SAR  (mW/g/raW/cm^) 

Ankle 

1.0 

2.6  ±  0.12^^ 

Thigh 

2.7 

2.9  ±  0.22 

Wri.«!t 

1.25 

1.5  ±  0.06 

Biceps 

1.9 

0.4  ±  0.14 

Umbilicus 

3.8 

0.9  ±  0.2 

^Measurement  sites  correspond  to  probe  location  in  living 
animal.  Model  of  muscle-equivalent  material,  and  equal  in 
anatomical  shape  and  posture  to  its  live  counterpart.  All 
dimensions  and  mass  two- thirds  life  size. 

^Distance  from  front  of  animal  with  probe  equidistant 
from  all  surfaces. 

Q 

Average  of  four  readings  ±  SD. 


of  Guy  (1971a)  (Table  II) .  The  model  is  three-fourths  life 
size  (65  cm) ,  and,  therefore,  represents  a  more  severe  expo¬ 
sure  than  in  the  live  monkey  ejq)Osure,  as  the  model  size  is 
very  close  to  the  true  resonance  length  of  54  cm  for  219  MHz 
(wave  ler  •  136  cm  x  0 . 4  =  56  cm) .  The  whole-body  average 
oAR  was  0.49  (WAg) /niW/cm^) ,  calculated  from  average  animal 
dimensions  and  body  mass,  using  the  methods  of  Durney,  et 
al.  (1980). 


Animals 

The  animali;  ejqjosed  were  male  Macaca  mulatto  weighing 
between  4.5  and  6.5  kg  and  measuring  83-75  cm,  crown  to 
heel.  Initial  anesthesia  was  induced  by  intramuscular  i 

injection  of  C.l  mlAg  of  a  mixture  made  by  combining  1  ml  | 

of  a  100  mg/iTil  solution  of  ketamine  HCl  (Ve talar,  Parke  I 

Davis,  Inc.)  and  3  ml  of  a  20  mg/ml  solution  of  zylazine  f 

(Rompun,  Haver- Lockhart,  Inc.).  Subsequent  intramuscular  I 

injections  of  10  mgAg  of  ketamine  alone  were  made  hourly  to  ! 
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prolong  anesthesia.  The  pharmacological  effect  was  to 
provide  a  uniform  plane  of  anesthesia  which  permitted  surgi¬ 
cal  procedures  without  pain  and  without  extreme  depression 
of  respiration  or  the  cardiovascu] ar  system. 

Following  induction  of  anestnesia,  the  sites  to  be 
iitplanted  were  clipped  and  washed  with  an  iodine-base  soap 
(Betadine) .  The  animal  was  then  positioned  on  a  Styrofoam 
board.  For  each  site,  a  1-2  cm  skin  incision  was  made,  and 
deeper  tissues  were  separated  by  blunt  dissection  to  allow  a 
Vitek  probe  to  be  positioned  at  a  depth  where  the  greatest 
temperature  rise  would  be  expected  to  occur,  based  on  theo¬ 
retical  nredictions  and  our  measurements  of  tenperature 
increments  in  tissue-equivalent  models.  A  suture  around  the 
probe  was  used  to  maintain  this  locus  and  was  fixed  to  any 
convenient  tissue  structure,  e.g. ,  a  tendon  or  muscle 
sheath.  Tne  skin  was  closed  tightly  around  each  exiting 
lead  with  a  horizontal  mattress  suture,  and  the  lead  was 
then  taped  •.  c  the  exposure  board  to  prevent  movement. 


Fioure  1.  Drawing  of  a  rhesus  monkey  positioned  for  RF 
e^osure.  A  block  to  support  the  head  has  been  omitted  for 
clarity.  Dots  mark  the  positions  mentioned  in  the  text 
where  Vitek  temperature  probes  were  surgically  implanted. 
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Figure  1  depicts  an  animal  prepared  for  e3q)osure/  with  sites 
of  implantation  marked  by  dots;  the  long  axis  of  the  ani¬ 
mal's  body  was  oriented  parallel  to  the  E-field  during  the 
ejqjosure . 

Two  animals  with  Vitek  probes  implanted  in  the  cinkle  and 
wrist  v;ere  ejgjosed  to  each  of  four  power  densities,  5.0, 
7.5,  10.0  or  27.0  mW/cm^  for  a  total  of  eight  ej^eriments. 
Two  additional  animals  had  Vitek  probes  implanted  in  a  lower 
bicep  and  in  the  distal  one-third  of  the  thigh  and  were 
ej^sed  to  an  incident  power  of  10  mW/cm^.  Exposure  dura¬ 
tion  was  four  hours  or  until  rectal  tenperature  reached 
41.5  °C.  Da  “.a  from  replicate  exposure  conditions  in 
comparable-sized  animals  were  nearly  identical.  For  clar¬ 
ity,  the  data  shown  in  Figures  2  and  4  are  from  a  single 
animal.  Data  in  Figure  3  represent  the  mean  rectal 


\ 


Figure  2.  Typical  temperature  response  of  one  monkey  to 
40  minutes  of  219  MHz,  27  mW/cm^  whole-body  exposure.  Body 
temperature  measured  in  the  rectum,  ankle,  and  wrist. 
Chamber  tenperature  =  23  ±  0.5  °C. 
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Figure  3.  Mean  rise  in  rectal  temperature  of  2  monkeys 
after  1  hour  of  exposure  to  219  MHz  continuous  wave  RF 
radiation  at  the  power  densities  indicated.  Data  at 
27  mW/cm^  represents  the  predicted  total  rise  in  rectal 
temperature  had  the  rate  of  rise  occurring  at  the  termina¬ 
tion  of  ejgjosure  continued  for  a  full  hour  of  esgjosure. 
Chamber  temperature  =  23  ±  0.5  ‘"C. 


temperature  rise  measured  in  two  animals  following  one  hour 
of  ej^osure  to  four  different  levels  of  incident  power. 


RESULTS  AND  DISCUSSION 


Initial  exposures  were  made  at  the  highest  incident  power 
level  available,  27  mW/cm^,  at  an  ambient  tenperature  of 
23  ®C.  Probes  were  located  in  one  wrist  and  one  ankle,  and 
a  deep  rectal  probe  was  used  to  determine  core  temperature. 
The  exposure  was  continued  until  deep  body  temperature 
reached  41.5  °C  (40  minutes),  at  which  time  the  exposure  was 
terminated.  The  effects  of  exposure  to  a  near- re sonant 
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Figure  4.  Typical  tenperature  response  of  1  monkey  to  a 
219-MHz  RF  exposure  at  an  incident  power  density  of 
10  mW/cm^,  for  4  hours.  Body  temperature  measured  in  the 
rectum,  thigh,  and  biceps.  Chamber  temperature  =  23  ± 

0.5  °C. 


frequency  were  readily  apparent;  wrist,  ankle,  and  rectal 
temperature  rose  precipitously  'Figure  2) .  Additional  expo¬ 
sures  at  10,  7.5,  and  5  raW/cra^  produced  increases  in  rectal 
ten^jerature  roughly  proportional  to  the  incident  energy 
(Figure  3) ,  with  a  threshold  for  marked  tenperature  rise 
near  7.5  mW/cm^.  At  no  time  did  any  wrist  or  ankle  temper¬ 
ature  surpass  the  measured  rectal  temperature. 

Subsequent  exposures  at  10  mW/cm^  involved  inplanted 
probes  in  the  distal  one-third  of  the  biceps  and  quadriceps 
muscles  of  the  arm  and  leg  respectively.  Once  again,  the 
tissue  tenperature  rise  at  these  sites  paralleled  that  of 
the  body  as  a  whole,  and  no  evidence  for  any  hot  spot  could 
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be  detected  (Figure  4) . 

The  results  obtained  are  similar  to  those  in  a  prelimi¬ 
nary  report  by  Lotz,  et  al.  (1981)  in  spite  of  several 
important  differences  between  the  two  test  situations.  Lotz 
used  awake  monkeys  restrained  in  a  seated  position;  hourly 
withdrawals  of  blood  were  made.  Control  of  chamber  temper¬ 
ature  was  not  mentioned  by  Lotz.  Details  of  SAR  measure¬ 
ments  were  not  available,  but  earlier  data  reported  by  Olson 
(1981)  were  obtained  in  a  model  with  a  mass  almost  three 
times  that  of  the  menkey  used  by  Lotz.  The  monkeys  in  the 
present  study  were  larger  cUid  were  anesthetized;  they  were 
exposed  in  the  far-field  in  a  position  designed  for  maximum 
RFR  absorption.  The  average  whole-body  SAR  of  0.49 
(W/kg)/(mW/cm^)  is  a  level  where  significant  body  heating 
could  occur.  Given  these  differences,  the  agreement  is 
remarkable.  Both  studies  confirm  the  fact  that  whole-body 
exposure  at  or  near  the  resonant  frequency  for  that  body 
results  in  a  rapid  rise  in  body  temperature,  at  much  lower 
power  levels  than  in  the  nonresonant  case.  In  the  case  of 
this  study,  however,  the  average  SAR  at  7.5  mW/cm^  was  near 
the  4  WAg  level  (7.5  x  0.49  =  3.76  W/kg) ,  generally  con¬ 
sidered  the  tlireshold  for  significant  physiological 
response.  If  the  value  measured  in  the  model  at  the  level 
of  the  umbilicus  is  used  as  an  estimate  of  whole-body  aver¬ 
age  SAK,  the  5  mW/cm^  exposure  gives  an  SAR  just  above  the 
threshold  (5  x  0.95  =  4.5  WAg)* 

Ejq^eriments  at  2.066  GHz  (Krupp,  1981),  using  the  same 
techniques  for  implantation  and  exposure,  produced  a  some¬ 
what  different  pattern.  An  incident  power  density  of  15 
mW/cm^  produced  no  increase  in  rectal  tenperature  followi.ng 
one  hour  of  exposure.  Vitek  probes  implanted  in  the  neck 
and  groin  (see  Figure  1)  also  did  not  detect  any  increase  in 
tissue  temperature.  Wrist  and  ankle  temperatures,  where  the 
initial  local  set  point  was  3  to  4  °C  below  rectal  tempera¬ 
ture,  rose  slowly  over  the  one-hour  exposure,  but  in  six 
trials  never  reached  the  rectal  value.  Squirrel  monkeys 
exposed  unilaterally  to  a  head- resonant  frequency  (2450  MHz) 
tolerated  incident  field  strengths  up  to  22  mW/cm^  and 
exhibited  no  rectal  tenperature  rise;  however,  thermoregu¬ 
latory  behavior  was  ongoing  during  the  experiments  (Adair 
and  Adams,  1980). 

The  inability  of  the  present  study  and  others  to  detect 
the  predicted  isolated  high  temperature  rise  in  wrist,  arm, 
ankle,  or  leg  reflects  the  failure  of  current  mathematical 
models  to  include  an  adequate  blood  flow  term,  specifically 
to  account  for  the  contribution  to  heat  redistribution  made 
by  the  large  blood  vessels  of  the  extremities;  Measurements 
of  blood  flow  changes  in  the  brachial  and  femoral  arteries 
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ducing  RFR  ej^osure  would  be  helpful  in  refining  the  predic¬ 
tive  capabilities  of  geometric  models  and  mathematical  simu¬ 
lations. 


CONCLUSIONS 


Anesthetized  rhesus  monkeys,  implanted  with  Vitek  temper¬ 
ature  probes  (in  the  wrist,  ankle,  thigh  and  biceps)  and 
fitted  with  a  rectal  probe,  were  exposed  ventrally  to  plane- 
wave  219  MHz  RFR  (E  polarization)  at  controlled  environ¬ 
mental  temperature. )  Temperature  responses  were  recorded 
during  1-  to  4-houi  ei^osures  to  several  power  densities 
that  ranged  from  5  to  27  mW/cm^.  Several  conclusions  may  be 
drawn  from  bhe  results  of  this  study: 

(1)  ^-The  variety  of  exposure  parameters  and  anatomical 

sites,  explored  in  many  combinations,  failed  to 
reveal  the  existence  of  tissue  hot  spots,  localized 
regions  of  greatly-elevated  tenperature. 

(2)  Exposure  to  a  frequency  near  whole-body  resonance 
(219  MHz)  produced  a  significant  rise  in  body  tem¬ 
perature  at  relatively  low  incident  power  levels 
when  compared  to  comparable  exposures  to  a  frequency 
well  above  resonance  (2.06  GHz)  explored  in  an 
earlier  study.  Whole-body  SAR,  however,  was  at  a 
level  where  tenperature  increase  would  be  antici¬ 
pated. 

(3)  Lower  set-point  tenperatures  in  the  limbs,  as  well 
as  increases  in  peripheral  blood  flow  that  are  unac¬ 
counted  for  by  models,  probably  act  to  negate  the 
predicted  effects  of  unequal  energy  absorption  on 
local  tissue  temperature. 

A 
/  ' 
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INTRODUCTION 


This  chapter  describes  the  essential  characteristics  of 
thermal  (infrared)  radiation  as  related  primarily  to  its 
effect  on  exchange  i-i  humans  and  accompanied  physiological 
and  sensory  responses,  most  importantly  certain  aspects  of 
human  comfort.  The  first  section  reviews  those  basic  prop¬ 
erties  and  nomenclature  associated  with  thermal  radiation. 
The  last  section  embodies  a  sequence  of  relevant  research 
which  has  led  to  present  concepts  of  thermal  comfort:  early 
pain  studies,  thermal  sensation,  as  differetitiated  from  com¬ 
fort,  and  hedonics.  Special  attention  is  directed  to  those 
studies  which  have  used  thermal  radiation  as  a  tool  in 
physiological  studies. 


BIOPHYSICS  OF  INFRARED  (THERMAL)  RADIATION 


Infrared  radiation  (beyond  the  red  end  of  the  visible 
spectrum)  includes  wavelengths  from  0.4  ym  to  about  150  ym 
(far  infrared)  (Sparrow  and  Cess,  1966).  Radiant  heat  is 
thought  to  have  been  first  quantified  by  W.  Herschel  in  1800 
using  a  thernometer  at  various  points  in  a  prismatic  spec¬ 
trum  (Phillips,  1974) .  He  found  that  visible  light  trans¬ 
mits  some  heat  but  the  effect  is  more  pronounced  beyond  the 
red  end  of  the  spectrum.  Although  infrared  radiation  is 
more  penetrating  than  visible  light,  it  is  nevertheless 
effective  in  warming  substances. 
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All  materials  are  cibsorbers  and  emitters  of  thermal  radi¬ 
ation.  The  second  law  of  thermodynamics  requires  that,  for 
a  given  wavelength,  each  substance’s  emissivity  and  absorp- 
tance  be  the  same.  Emissivity  is  here  defined  as  the  ratio, 
for  a  given  wavelength  interval,  of  the  energy  emitted  per 
unit  area  divided  by  the  energy  eraj.tted  by  a  black-body  of 
the  same  area.  For  real  materials,  the  actual  absorptance 
is  a  /'raction  of  the  wavelengih.  A  so-called  black-body  is 
defined  as  one  that  absorbs  all  wavelengths.  Such  a  cavity, 
held  ac  a  given  tenperature,  will  generate  radiant  energy 
according  to  a  function  of  wavelength  (A)  (Hardy,  1939) . 

The  total  energy  of  radiation  in  a  cavity  is  proportional 
to  the  fourth  power  of  the  absolute  temperature  (T**) ,  a 
property  first  found  experimentally  in  1879  by  J.  Stefan  but 
derived  theoretically  by  L.  Boltzmann  in  1884  (Phillips, 
1974) .  Their  independent  efforts  are  incorporated  in  the 
Stefan-Boltzmann  law  describing  the  rate  of  emission  of 
energy  per  unit  time  and  area  (W  )  of  a  black-body  surface. 
Wien  later  (1893)  showed  that  Qie  distribution  of  radiant 
energy  (dW)  according  to  a  specific  wavelength  change  (dA) 
has  the  form: 

dW  =  W(A)dA  (1) 

=  C^T^  f(AT)/(AT)^  dA 

where  f(AT)  is  a  function  of  the  product  of  wavelength  and 
absolute  temperature  solely,  and  is  a  constant  (See  Table 
II)  .  The  function  (WA)  has  a  maximum:  the  wavelength  at 
which  the  energy  distribution  is  a  maximum  (Am)  times  the 
absolute  temperature  is  (Sparrow  &  Cess,  1966) 

A  T  =  0,2898  cm  • "K  (2) 

m 

=  2898  urn  ‘“K 

Roughly  25%  of  spectral  energy  is  radiated  at  shorter  than 
A  and  the  rest  radiates  at  wavelengths  >  A  (Hardy,  1939) . 

^  Radiant  energy  is  transported  by  elec&omagnetic  waves 
(or  photons,  the  quantization  of  the  waves).  Radiation 
properties  of  certain  materials  can  be  described  adequately 
by  electromagnetic  theory  and  classical  concepts,  but  quan¬ 
tum  theory  is  necessary  for  precise  descriptions  of  absor¬ 
bing  and  emitting  media.  From  classical  electromagnetic 
theory  the  waves  describing  infrared  radiation  travel  at  the 
speed  of  light  in  vacuum.  In  a  quantum  description,  energy 
is  transported  by  photons:  minute  energy  packets  of 
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Table  II. 

Some  Black-Body 

Radiation  Constants 

Constant 

Symbol 

Unit 

Boltzmann 

k 

1.38  X  10  erg/®  K 

Planck 

h 

6.6  X  10  erg/  s 

Speed  of  light 

c 

o 

,  ,  1 

3  X  10  cm/  s 

Stefan-Bcltzmann 

o 

-8  2  4 

5.67  X  10  W/(m  •  K  ) 

Aggregate 

^1 

1.19  X  10“^^  W/m^ 

Aggregate 

s 

1.44  cm/®  K 

From  Sparrow  &  Cess  (1966) ,  Birkebak  (1966) 


electromagnetic  radiation  at  the  same  velocity.  In  1900, 
Planck  first  explained  that  blackbody  radiation  is  emitted 
cind  absorbed  in  such  distinct  units?  in  1905  Sinstein  pos¬ 
tulated  that  energy  must  be  absorbed  only  in  the  same  units. 
The  energy  of  a  photon  is  hv  (h  is  Planck's  constant  and  v 
is  frequency)  .  However,  it  is  wise  to  keep  in  mind  that 
there  are  photons  of  all  energies;  from  the  high  energy 
photons  of  gamma  rays  to  low-energy  photons  of  infrared 
radiation  and  the  very  low  energy  photons  of  radio-waves 
(Table  I) . 

The  frequency,  v,  and  wavelength  in  a  vacuum.  A,  are 
related  by  the  relation  c  =  A*v.  The  problem  is  whether  to 
choose  V  or  A  to  characterize  the  radiation.  Frequency  is 
often  used  because  it  does  not  change  when  travelling  from 
one  medium  to  the  other.  However,  radiation  is  more  fre¬ 
quently  classified  according  to  wavelength  (A) . 

Therinal  radiation  is  considered  in  this  paper  as  "radiant 
energy  emitted  by  a  medium  that  is  due  solely  to  the  ten^Jer- 
ature  of  the  medium."  (Sparrow  &  Cess,  1966).  It  is  there¬ 
fore  the  temperature  of  the  medium  which  governs  the  actual 
emission  of  thermal  radiation.  Of  concern  to  thermal  bio¬ 
logists  are  the  two  distinct  bands:  solar  (shortwave) 
radiation  occurring  in  the  range  0.3  ym  and  longer  waves 
occurring  at  about  0.7  to  150  ym. 

The  total  Mack-body  emissive  power  (Vl^)  over  all  fre- 
.quencies  (or  wavelengths)  can  be  described  by  Planck  and 
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Stefan-Boltzmann  laws  (Phillips,  1974;  Sparrow  &  Cess,  1966; 
Hardy,  1939).*  But,  radiation  properties  concerned  with 
human  skin  surfaces  and  the  microenvironment  cannot  be 
wholly  predicted  from  the  physics  of  solids  because  of  the 
heterogenous  nature  of  the  skin  surface.  The  following  pub¬ 
lications  summarize  some  of  the  results  garnered  from  exten¬ 
sive  studies  of  the  properties  of  transmission  of  thermal 
radiation  through  human  skin  (Birkebak,  1966;  Hardy,  1962; 
Fanger,  1972;  Mitchell,  1970) . 

Human  skin  has  variable  thickness  over  different  parts  of 
the  body  and  is  therefore  heterogenous  to  incident  radia¬ 
tion.  In  the  spectral  region  from  0.3  pm  to  3  pm  there  is  a 
maximum  reflectivity  (Figure  1)  for  white  and  black  skin  at 
about  0.8  to  1.2  pm,  roughly  the  X  of  maximum  radiation  for 
most  infrared  heaters.  From  3  pm  ?o  20  pm,  reflectance  be¬ 
comes  independent  of  skin  pigmentation  and  is  quite  low. 


SKIN  REFLECTANCE  BLACK  BODY  EMISSION 


Wavelength  (/im) 


Figure  1.  Human  skin  reflectance  (%)  for  black  and  white 
skin  and  emissive  power  of  a  black  body  (W/(ir^  .  pm)  as  a 
function  of  wavelength  (pm) .  (Redrawn  from  Hardy,  1962) . 


The  actual  Stefan-Boltzmann  equation  (T)  =  n^  a  T^  is 
derived  formally  (if  n,  the  index  of  refraction,  is  indepen¬ 
dent  of  frequency  or  X  and  c^  =  speed  of  light)  by 
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The  actual  skin  pigmentation  is  an  important  variable  at 
short  wavelengths  near  0.4  to  0.7  pm;  a  darkly  pigmented 
person  will  become  markedly  more  heated  by  direct  radiation 
^  2500  K  than  would  one  of  lighter  skin  (cf.  Figure  2) . 


0  2000  4000  6000 

Color  Temperature  (®K) 


Figure  2.  Absorptance  (%)  and  reflectance  (%)  for  black 
and  white  skin  in  relation  to  color  temperature  {°K).  (Re¬ 
drawn  from  Hardy  and  Gagge,  1967) . 


Clothing,  however,  minimizes  the  above  differences.  By 
decreasing  emissivity  of  clothing,  a  reduction  in  radiative 
heat  loss  adds  an  additional  protection  against  heat  stress. 
Emissivity  (e  )  of  human  skin  varies  with  spectral  region, 
but  skin  emits  in  the  infrared  spectrum  (5  ym  to  20  ym) .  It 

W^(T)  =  n^-  T^*  (2  TT  k'^/C  2h3)  /  e^.  AX 
b  o  bA 

where  the  definite  integral  for  Planck's  eq.  =  Addi 

tionally,  o  =  27r^k^/15  and  becomes  incorporated  in  the 

constant  value  5.67  x  10  ®  W/(m^  •  K**) ;  W^T  =  where  the 
index  cf  refraction  (n)  =  1.  The  units  of  the  other  Black- 
body  constants  (in  SI)  are  in  Table  II  for  the  reader's 
convenience . 
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is  the  emissivity  value  in  this  range  that  is  important  in 
human  heat  exchange. 

The  two  ways  of  measuring  emissivity  of  skin,  analysis  of 
reflecting  power  or  analysis  of  absorbing  power  in  the  above 
X  ranges,  are  technically  difficult.  Hardy  (1939)  compared 
the  emitting  power  of  the  skin  by  analyzing  skin  temperature 
accurately  with  an  infrared  radiometer  and  compared  this 
with  the  temperature  of  a  "perfect  black-body"  using  the 
Stefan-Boltzmann  law.  Hardy  found  e  =  0.98  ±  1%,  a  value 
constant  for  X  >  4  ym;  e  is  therefore  '^'1.0  (Mitchell, 
1970) .  ® 

Actual  transmission  of  thermal  radiation  into  the  skin  is 
vari.able  and  dependent  on  skin  and  blood  pigments  and  scat¬ 
tering  properties  of  the  skin.  Most  of  the  absorption  prop¬ 
erties  of  the  skin  are  related  to  its  water  moiety.  The 
greatest  penetration  of  a  skin  site  (breast)  to  infrared 
radiation  has  been  measured  at  X  of  1.2  to  1.4  ym  (Hardy, 
1952)  ,  where  some  40  to  50%  of  the  total  flux  entered  to  a 
depth  of  1  cm.  Conceivably,  at  this  depth  the  free  nerve 
endings,  small  blood  vessels  and  individual  sweat  glands 
could  be  affected  directly.  As  shown  in  Figure  3,  che 
actual  changes  in  skin  temperature  caused  by  thermal  radia¬ 
tion  depend  on  thermal  conductivity  (k  ) ,  density  (p)  ,  and 
specific  heat  (c)  of  the  skin  site  (Harefy,  1962?  Piergallini 
&  Stoll,  1974) . 

When  radiant  energy  falls  on  a  surface  (skin  or  cloth¬ 
ing)  ,  it  can  be  absorbed,  reflected  or  transmitted  and 

a  +  T  +  p  =  1  (4) 

where  a  =  fraction  of  incident  radiation  absorbed; 

T  =  fraction  of  incident  radiation  transmitted; 

p  =  fraction  of  incident  radiation  reflected. 

Since  most  integument  or  clothing  is  opaque,  as  most  solids 

are  in  the  infrared,  t  or  transmission  is  negligible  and  a 
P  =  1. 

A  good  deal  of  information  has  been  provided  on  radiative 
heat  exchange  between  the  human  body  and  its  surroundings. 
For  the  most  part  this  exchange  can  be  e5q)ressed  by  the 
Stefan-Boltzmann  law  (Gagge  &  Hardy,  1967)  and  is  included 
in  the  heat  balance  equation  (insensible  loss  and  storage 
are  not  considered)  in  which  the  sensible  heat  loss  {R  +  C) 
from  the  body  and  clothing  surface  at  T^^^  is 

(i?  +  C)  =  h^  (T^^  -  T^)  +  h^  (T^^  -  T^)  W/m“  (5) 

or  =  h  (T  .  -  T  ) 

cl  o 
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Figure  3.  Changes  in  forehead  skin  temperature  (“C) 
during  solar  radiant  heating.  Upper  panel:  irradiation  by 
same  intensity  of  visible,  near-  and  far-  infrared.  Lower 
panel:  comparisons  of  different  skin  pigmentations;  painted 
skin,  black  pigmented  and  white.  (Redrawn  from  Hardy,  1962) . 


where  the  left  side  of  eq.  5.  includes  radiative  (i?)  and 
convective  (C)  heat  losses,  and 

h^  =  a  linear  radiation  exchange  coefficient  (W/(m^°C) 

h^  =  tlie  convective  heat  transfer  coefficient  W/(m^°C) 

h  =  the  combined  heat  transfer  coefficient  and  equal  to 

(h  +  h  )  W/(m2°c) 

r  c 
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=  the  clothing  or  outer  body  surface  temperature  “C 
=  the  ambient  air  temperature  °C 

=  the  mean  radiant  temperature  °C 

T  =  operative  temperature  which  is  an  average  of  T  and 
T  ,  weighted  by  the  transfer  coefficients  invoived 

and  given  by  (h  T  +  h  T  )/h  (Winslow,  et  ai., 

1937)  r  r  c  a 

Mean  radiant  temperature  (T  )  is  defined  as  the  temperature 
of  an  imaginary  uniform  "black"  enclosure  in  which  man  would 
exchainge  the  same  heat  by  radiation  as  in  the  actual  non- 
uniform  environment  (Gagge,  et  al.,  1971). 

A  linear  radiative  coefficient  (Hardy  and  Gagge,  1967)  is 

h  =  4  0  f.  (A  /Aj  f  [(T  ,  +  T  )/2)  +  273}3  and  eg.  5 

r  r  d  acl  do 

becomes 

i?  =  4  a  e  (A  /A.)  f.  .{[(T  ,  +  T  )/2]  +  273)3  • 
r  d  acl  cl  o 

(T  -T  )  +  C  (5') 

cl  r 

In  eg.  (5’)i  o  is  the  Stefan-Boltzmann  constant  (Table 
II)  and  s  includes  the  emissivities  of  human  skin  ('\^0.98) 
and  clothing  ('^■0.95)  (Hardy,  1939;  Fanger,  1972). 

The  term  (A  /A^)  is  the  ratio  of  a  4  ir  radiating  area  of 
the  body  surface  '^pen"  to  thermal  radiation  over  its  Dubois 
total  surface  area  (A^^,  m^) .  is  always  less  than  A^  be¬ 
cause  extremities  or  other  surfaces  radiate  to  each  other, 
rather  than  to  exterior  surfaces.  Other  variables  in  the 
assunption  of  A  depend  on  posture  (sitting,  standing,  or 
crouch j.ng)  and  clothing  folds.  Several  researchers  have 
provided  useful  methods  to  establish  A^  in  respect  to  A^  and 
these  are  compiled  in  Table  III. 

The  factor  expresses  the  increase  in  A^^  due  to 

clothing  and  can  range  from  1.0  for  0  do  to  as  high  as  1.5 
for  3  do  (Fanger,  1972)  . 

The  development  of  the  effective  radiant  field  (ERF)  de¬ 
scribing  the  net  radiant  exchange  with  all  sources  that 
radiate  at  temperatures  different  from  the  isotropic  ambient 
T  was  a  major  step  in  thermobiology  (Gagge  &  Hardy,  1967) . 
it  has  allowed  another  dimension  to  our  understanding  of  the 
energy  ejxchange  between  the  total  radiant  environment  and 
the  human  being  (Gagge,  1970). 

Effective  radiant  field  (ERF)  is  here  defined  as  the  net 
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Tcible  III.  Relationship  of  DuBois  surface  area 
(A^)  and  posture. 


Body  Posture 

A^(in^) 

Method 

Standing 

0.725 

optical 

tt 

0.71 

heat  balance 

tt 

0.78 

envelope 

11 

0.78 

photographic 

Sitting 

0.696 

optical 

11 

0.65 

heat  balance 

M 

0.72 

heat  balance 

Cycling  ergometer 

0.81 

optical 

Spread  eagle 

0.85 

heat  balance 

Compiled  from  Fanger  (1972) ;  Gagge  and  Hardy  (1967) . 


radiant  heat  exchange  between  all  enclosing  surfaces  and 
directional  heat  sources  and  sinks  by  an  occupant  whose  sur¬ 
face  is  hypothetically  at  the  ambient  temperature  T  .  In 
other  words,  ERF  is  the  net  radiant  energy  exchanged  By  the 
occupant  with  only  those  surfaces  and  sources  whose  tempera¬ 
tures  differ  from  the  ambient  air  (T  ) . 

In  general,  any  (ERF)  is  a  function  of  the  radiating 
temperature  of  the  source  n  in  absolute  temperature,  the 
absorptance  a  of  the  exposed  body  or  clothing  surface  for 
the  emission  of  by  the  source,  and  an  approp'^iate  view 
factor  that  describes  the  fraction  of  man's  total  body 

surface  irradiated  by  the  source.  (Oleson,  1981;  Fanger,  et 
al.,  1980;  McIntyre,  1975). 

Any  radiant  source  n  contributing  tc  the  total  ERF  may 
take  the  generalized  form  (Gagge  &  Hardy,  1967)  : 

(ERF)  =f  ,(A/AJF^  a  I  (T  +273)  **- (T  +273) '*] .  W/m^  (6) 
n  acl  r  D  h-n  n  n  a 

The  view  factor  F  ,  refers  to  the  body  area  A  itself. 
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rather  than  the  radiating  area  of  the  body  surface  (A 
corrected  for  clothing.  Only  for  the  simplest  geomeirical 
arrangements  can  values  of  F  be  easily  evaluated  (Olesen, 
1981)  . 

In  every  case  during  thermal  equilibrium,  (ERF)  is  the 

energy  absorbed  by  the  body  system  via  the  outer  surface  of 

the  body  and  is  solely  a  function  of  T  and  T  and  is  not  a 

function  of  T  The  relationships  between  %RF  (W/m^)  and 

T  ,  T  ,  and  T  ^(°C)  are; 
r  a  o 


ERF  =  h  (T  -  T  ) 
r  r  a 

ERF  =  h(T  -  T  ) 

O  Si 

T  =  T  +  ERF/h 
r  a  r 

T  =  T  +  ERF/h 
o  a 


T  =  T  +  (h/h  )  (T 
r  a  '  r  o 


T  =  T  +  (h  /h)  (T 
o  a  r  r 


(7) 

(8) 

(9) 

(10) 
(9') 
(10') 


Solar  radiation  contributes  appreciably  to  the  ERF.  We 
recently  studied  (Arens,  et  al.,  1980)  how  ERF  can  be  used 
to  measure  net  radiant  heat  flux  to  or  from  the  human  body 
due  to  radiation  at  outside  (anisotropic)  air  ten^>eratures. 
For  solar  radiation,  total  (direct  plus  diffuse)  radiation 
falling  on  a  horizontal  surface  (!_„)  varies  with  solar  ele¬ 
vation.  In  addition,  A^^  ejq)ose<r  to  solar  radiation,  and 
therefore  the  solar  energy  received  by  a  body,  also  varies 
with  solar  elevation.  Total  radiation  is  plotted  in 

Figure  4  for  a  specific  solar  elevation  using  an  elevation 
of  45  degrees  as  an  average  value  for  the  contiguous  United 
States  and  is  about  665  W/m^.  The  equivalence  between  ERF, 
T  ,  and  I  involves  the  following  assumptions: 

a.  R  and  C  are  assumed  equal  in  plotting  T^. 

b.  The  surface  area  of  the  standard  person  (A_  = 

1.8  m2).  ^ 


c.  The  projected  area  of  standard  man  exposed  to  direct 

beam  sunlight  (A  ) ,  where  solar  elevation  3  =  45°: 

P 

A  /A  =  0.23  (Fanger,  1972) 

P  ^ 

A  =  (0.23)  (1.8)  =  0.41  m2 
P 
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Figure  4.  Effective  Radiant  Field  (ERF)  needed  for  com¬ 
fort  plotted  on  a  psychrometric  chart.  Ordinates  are  ambi¬ 
ent  vapor  pressure  (Torr)  and  dewpoint  temperature  (°C). 
The  activity  is  normal  walking  (1.3  met  or  M  75  W/m^)  . 
Top  insert  is  factor  to  adjust  I  for  solar  altitude  (From 
data  in  Arens,  et  al.,  1981). 


d.  Area  of  the  standard  man  exposed  to  diffuse,  re¬ 
flected,  and  long-wave  radiation  (from  Table  III) ; 

A  =  0.72  •  ] .8  =  1.28  m^ 
where 

=  0.72  (Fanger,  1972) 

e.  Diffuse-sky  solar  radiation  is  assimied  to  radiate  to 
the  upper  half  of  the  human  body  and  the  ground- 
reflected  solar  radiation  is  assumed  to  be  uniformly 
distributed  over  the  lower  half  of  the  body. 
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The  absorbed  energy  on  the  human  body  from  long-wave  and 
short-wave  radiation  sources  is  therefore  measured  by: 


ERF 


=  [0.72  •  0.9/1. 8  •  (I^+I  )  + 
LW  dr 


0.41/1.8  • 


SW 


(11) 


where 

is  long-wave  absorptivity,  [v  0.95 

is  short-wave  absorptivity,  ^  0.67  for  (white)  skin 
and  average  clothing 

I  is  direct  beam  solar  radiation  measured  perpendicular 
to  the  beam,  W/m^ 

I  is  diffuse  irradiance,  on  an  upward-facing  horizontal 
surface  (165  W/m^) 

I  is  reflected  irradiance,  on  a  downward- facing  hori¬ 
zontal  surface,  1  meter  above  the  ground  (W/m^) . 

Because  =  (I^  -  I  ) /sin  g,  where  I  is  total  solar  ir¬ 
radiance  of  a  horizontal  surface,  (Birk&ack,  1966)  equation 
(11)  can  be  rewritten: 

ERF  •  0.95  =  [0.72/2  (I  +  I  )  +  0. 41/(1. 8  • 

sin  6)  (I^  -  yj  •  ^67  ^  (12) 

where  I  is  assumed  to  be  0.20 

r  TH 

Substituting  in  (12)  ,  ERF  =  190  W/m^.  ERF  is  thermally 

equivalent  to  0.29  •  ,  or  =  3.5  •  ERF. 

^  TH  TH 

ERF  therefore  allows  one  to  assess  the  "radiation-needed" 
zone  when  outdoor  air  temperature  drops  below  20  "C.  The 
radiation  is  based  on  a  direct,  easily-quantified  concept 
taking  into  accoiant  the  possible  solar  radiation  load  neces¬ 
sary  to  maintain  an  optimum  comfort  zone.  This  is  an  impor¬ 
tant  development  which  is  not  handled  by  other  indices 
("plane",  mean,  or  vector  radiant  temperatures,  ^McIntyre, 
1976])  which  work  solely  in  isotropic  environments. 


122 


Richard  R.  Gonzalez 


THERMAL  COMFORT 


Up  to  now,  we  have  concentrated  on  how  thermal  radiation 
affects  the  biophysical  properties  of  the  skin.  How  thermal 
radiation  affects  the  thermal  state  of  the  body  will  now  be 
discussed.  A  detailed  description  of  how  the  thermal  infor¬ 
mation  is  channeled  to  the  central  nervous  system  is  beyond 
the  scope  of  this  chapter.  Briefly,  signals  are  generated 
in  skin  receptors  sensitive  to  touch,  pain,  warmth  and 
cooling  (Hardy,  1971;  Hensel,  1981).  Their  sensitivity  is 
quite  exact.  Temperature  receptors  respond  to  local  energy 
increments  in  the  skin  of  as  little  as  0.63  mVJ/cm^  •  s)  . 
Another  receptor  is  sensitive  to  tenperature  decreases  as 
small  as  0.004  ®C  s  (Bullock  and  Diecke,  1956;  Hardy  and 
Oppel,  1937) . 

Extensive  research  has  led  to  a  description  of  a  zone  of 
environmental  temperatures  in  which  the  body  is  in  a  state 
of  physiological  thermal  neutreility.  The  resting  person 
maintains  thermal  steady-state  (i.e.,  heat  balance)  such 
that  internal  body  and  skin  temperatures  are  constant  with¬ 
out  excessive  physiological  regulatory  activity  such  as 
sweating,  vasoconstriction  or  vasodilation  of  skin  blood 
vessels  (see  Chapter  13) .  This  is  also  the  zone  of 
"neutral"  temperature  sensation.  Studies  by  Fanger  (1972) 
equate  thermoneutrality  with  preferred  comfort  stats  or  pre¬ 
ferred  temperature  and  show  that  for  individuals  at  0.6  do, 
air  velocity  near  still  conditions  (v  at  0.10  to  0.15  m/s)  , 
50%  rh  and  sedentary  activity,  the  thermoneutral  (comfort) 
temperature  is  invariable  regardless  of  age,  sex,  or  season. 
Fanger  demonstrated  that  other  preferred  comfort  tempera- 
lures  during  thermal  balance  may  be  ascertained  for  any 
metabolic  heat  production  (j<  3  met)  ,  for  various  clothing 
insulations  bulb  and  mean  radiant  teirperatures, 
and  ambient  vapor  pressures  as  well  as  various  coefficients 
of  heat  and  mass  transfer.  During  thermal  neutrality  there 
occurs ;  a)  a  linear  relationship  between  skin  temperature 
(Tsk)  and  metabolic  rate  (M)  and  b)  a  linear  function  be¬ 
tween  evaporation  of  sweat  and  (M) .  Fanger  suggested  a  pre¬ 
dicted  mean  sensation  (PMV)  for  an  individual  from  the 
thermal  load  on  the  body;  a  thermal  load  is  presumed  to 
occur  whenever  there  is  a  difference  between  heat  production 
and  the  heat  loss  to  the  actual  environment  for  a  person 
supposedly  kept  near  heat  balance  (i.e.  comfort)  at  the  mean 
skin  temperature  and  sweat  secretion  determined  for  a  speci¬ 
fied  activity  level.  Thus,  a  change  in  heat  loss  is  the 
prominent  effect  which  occurs  if  a  person  (having  a  given 
metabolic  rate,  clothing  insulation  value,  etc.)  is 
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Figure  5.  Effect  of  weak  thermal  radiation  on  the  tem¬ 
perature  of  forehead  skin  (T  ^  and  acconpanied  votes  of 
thermal  sensation.  (Redrawn  ^om  Hardy,  1962) . 


displaced  from  a  comfortable  environment  to  a  warmer  or 
colder  environment. 

The  inplication  that  thermal  comfort  is  equivalent  to  a 
sensation  of  neutral  tenperature  is  not  wholly  accurate  or 
adequate.  Other  variables  such  as  fatigue,  endocrine 
(humoral)  factors,  and  sensitivity  to  pain  play  a  signifi¬ 
cant  role. 

As  an  example.  Figure  5  shows  measurements  made  by 
Hendler  and  Hardy  (1960)  on  a  .subject  asked  to  assess  par¬ 
ticular  thermal  sensations  at  given  intervals  while  skin 
temperature  was  f].uctuating  normally  in  a  "comfortable"  en¬ 
vironment.  Although  the  subject  was  in  thermal  balance,  the 
ratings  given  are  closely  linked  with  the  temperature  of  the 
skin  which  was  rising  (slightly  warm)  or  falling  (slightly 
cool)  even  though  these  f 1  actuations  amounted  to  no  more 
than  0.2  °C.  Hardy  (1962)  pointed  out  that  .  .a  ther¬ 
mally  neutral  sensation  i.s  thus  not  the  absence  of  tem¬ 
perature  sensation." 

Pain  is  a  fundamental  input  to  human  comfort.  Hardy,  et 
ai.  (1951)  showed  that  pain  caused  by  over-heating  a  skin 
site  by  infrared  radiation  exhibits  quite  different  thre¬ 
sholds  from  those  discrete  sensations  stemming  from  rising 
ambients  (increasing  skin  temperature)  and  lowering  ambients 
(decreasing  skin  temperature)  as  shown  in  Figure  6.  This 
figure  indicates  that  between  a  T^j^  of  27  to  36  °C  there  is 
no  change  in  the  threshold  of  warmth.  An  increase  in  the 
threshold  for  cold  is  evident  for  accompanied  increases  in 
T^j^  of  32  to  34  ®C.  The  threshold  for  thermally- irradiated 
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Warmth  8  Cold  Thresholds  (W-m**) 

2  3  5  10  20  30  50  100  200 


Figure  6.  Relation  of  forehead  skin  temperature  (®C)  to 
thresholds  of  warmth,  and  cold  (top  abscissa-W/m^)  aid  rate 
of  heat  flux  required  for  pain  threshold  (bottom  abscissa- 
itW/cm^J  .  (From  data  in  Hardy,  et  ai.,  1951). 


pricking  pain  is  described  as  the  rate  of  heat  flux  to  the 
skin  that  just  exceeds  the  rate  of  heat  loss  by  an  amount 
which  drives  to  45  °C  within  a  given  time  period  (3s) 
(Hardy,  et  al.,  1951).  A  skin  temperature  of  45  °C  is  a 
standard  reeuirement  for  eliciting  pricking  pain  by  infrared 
radiation.  This  threshold  is  independent  of  age,  sex, 
fatigue,  or  mood  and  occurs  at  an  estimated  intensity  of 
thermal  radiation  of  861  raW/cm^±  88  SD  (present  author's 
calculation)  at  the  end  of  a  3-s  exposure.  Interestingly, 
niagnitude  estimates  of  warmth  converge  for  3-3  duration,  at 
about  800  mW/cm^  (see  Chapter  9)  regardless  of  area  of  skin 
stimulated.  Other  types  of  pain  (burning,  aching)  have 
cutaneous  or  subderraal  origins  which  have  different  thre¬ 
sholds  and  thereby  change  the  state  of  thermal  comfort. 

In  humans,  the  origin  of  dissatisfaction  with  the  thermal 
environment  may  thus  be  psychological,  physiological,  or 
physical.  Winslow,  et  al.  (1937)  related  unpleasant  cold 
conditions  in  sedentary  subjects  to  skin  temperatures  below 
33.5-34  °C  and  unpleasant  warm  conditions  to  accumulation  of 
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sweat  on  the  skin  surface  (skin  wettedness) .  Chatonnet  and 
Cabanac  (1965)  showed  that  the  judgment  of  thermal  dis¬ 
pleasure  was  relative  to  the  state  of  hyper-  or  hypothermia 
of  the  body.  Gagge,  et  al.  (1967)  showed  that  any  sudden 
thermal  transient  towards  a  comfortable  environment  caused 
an  immediate  sensation  of  comfort  although  at  the  moment  of 
the  initial  change  the  actual  skin  temperature  and  rate  of 
sweating  could  be  at  levels  not  associated  optimally  with  a 
feeling  of  comfort. 

Benzinger  (1963)  contends  that  internal  body  teirperature 
is  the  inportant  varicdale  affecting  thermal  comfort.  His 
subjects,  resting  in  a  water  bath  at  38.5  °C,  felt  comfort¬ 
able  until  tympanic  tenperature  began  to  rise,  at  which  time 
thermal  discomfort  increased.  The  inference  was  that  the 
sensation  of  overheating  was  a  function  of  deep  body  temper¬ 
ature  with  minimal  effect  from  elevated  skin  temperature. 
However,  in  a  study  by  Berglund  and  Gonzalez  (1977)  in  which 
T  ,  =  T  =  35  “C  and  skin  wettedness  was  close  to  100%,  a 

SiC  3. 

spray  of  water  caused  immediate  shivering  and  cold  discom¬ 
fort  with  no  drop  in  esophageal  tenperature.  Allnutt  and 
Allen  (1973)  elevated  internal  body  tenperature  to  38  ®C  but 
cooled  the  skin  to  30  °C.  Under  these  conditions  subjects 
judged  themse^/es  as  comfortable.  In  an  elegant  study, 
Gagge  (1966)  showed,  by  using  infrared  radiation,  that  onset 
of  thermal  sweating  at  T  from  20  to  31  °C  was  immediate  and 
accompanied  a  sensation  of  warmth  induced  by  radiant  heat 
prior  to  any  increase  in  internal  (tympanic)  body  tempera¬ 
ture.  These  studies  indicate  that  T  and  internal  body 
temperature  (as  an  integrated  drive,  are  both  important 
parameters  in  judgments  of  the  state  of  thermal  comfort. 

Another  powerful  effector  output  is  behavioral  thermo¬ 
regulation  which  is  highly  developed  in  humans.  It  has  been 
investigated  in  sub-human  primates  (Adair,  1977  and  Chapter 
17)  and  in  other  species.  In  one  study,  Stitt,  et  al. 
(1970)  showed  that  small  changes  in  average  skin  temperature 
or  hypothalamic  temperature  from  a  constant  reference  point 
evoke  appropriate  autonomic  responses  which  maintain  the 
animal  in  a  thermoneutral  state.  In  humans,  thermoregula¬ 
tory  behavior  is  also  guided  strongly  by  thermal  sensations, 
but  these  sensations  aljo  have  other  components.  One  of 
these  is  the  affective  (hedonic)  conponent:  pleasantness 
and  unpleasantness .  Whether  a  particular  property  of  the 
environment  (air  movement,  infrared  heating,  ambient  tem¬ 
perature)  is  perceived  as  pleasant  or  unpleasant  depends  on 
a  combination  of  signals . 

Marks  and  Gonzalez  (1974)  explored  the  way  pleasantness 
and  unpleasantness  of  a  thermal  stimulation  of  the  blackened 
forehead  depend  on  both  the  intensity  and  areal  extent  of  a 
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Figure  7.  Relationship  between  hedonic  estimates 
(pleasantness-unpleasantness)  of  radiant  stimuli  to  the 
forehead  and  thermal  irradiance  (irtW/cm^)  at  4  different  air 
temperatures  (T  ) .  Associated  changes  in  forehead  skin  tem¬ 
perature  (°C)  are  also  shown.  (Redrawn  from  Marks  and 
Gonzalez,  1974)  . 
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radiant  stimulus.  While  air  temperatures  were  held  constant 
at  5,  10,  15,  20,  and  30  °C,  irradiance  was  varied  randomly 
from  no  stimulus  to  as  high  as  800  mW/cm^.  Figure  7  shows 
averaged  results  from  two  subjects.  When  radiant  intensity 
increases,  the  estimation  of  that  stimulus  first  becomes 
gradually  pleasant  then  markedly  unpleasant;  the  shape  of 
the  curve  is  dependent  upon  the  air  temperature.  A  2  °C 
increase  in  forehead  skin  temperature,  produced  by  the 
radiation,  feels  pleasant  in  the  cold  but  unpleasant  in  warm 
air.  The  hedonic  value  and  tne  intensity  of  sensation, 

which  could  not  be  totally  characterized  in  the  early 

Handler  and  Hardy  study  (1959) ,  therefore  both  depend  on 
size  and  duration  of  stimulation.  These  are  indications  of 
spatial  and  temporal  summation. 

In  these  experiments,  internal  body  temperature  (T  ) 
remained  close  to  normal  levels  (37-37.2  °C)  .  ThereforG,'^in 
the  absence  of  any  strong  internal  drive  res-  ilting  from 
hyper-  or  hypothermia,  the  hedonic  value  is  strongly  gov¬ 
erned  by  superficial  skin  temperatures .  But  as  Cabanac 

(1969)  has  emphasized,  deviations  in  interi.il  temperature 
can  promote,  and  often  dominate,  overall  sensations  of 
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thermal  affect,  a  phenomenon  for  which  he  coined  the  term 
"ailiesthesia"  (Cabanac,  1969), 

The  sense  of  warm  discomfort,  especially  while  sedentary 
and  during  thermal  radiation,  is  affected  by  two  other  prin¬ 
cipal  physical  properties  of  the  skin-  These  properties  are 
its  temperature  (T  .  )  and  wettedness  (w)  (Gonzalez  and 
Gagge,  1973;  Gagge,  1937) ,  both  intimately  involved  in  heat 
exchange  with  the  environment.  The  following  processes  are 
involved:  (1)  the  heat  transported  by  blood  (SkBF  or  K  ) 
flowing  from  the  body  core  to  the  periphery,  (2)  the  sen¬ 
sible  heat  exchange  between  the  skin  surface  and  the  envi¬ 
ronment  by  radiation  and  convection,  (3)  the  combined  effect 
of  skin  and  internal  body  temperature  on  the  sweating  drive 
necessary  for  regulation  of  body  tenperature,  and  (4)  the 
ability  of  the  sweat  to  evaporate  and  thus  provide  cooling 
of  the  body. 

The  characterization  of  these  major  physiological  fac¬ 
tors,  so  important  to  thernal  comfort,  was  first  done  by 
Hardy  (1971).  His  account,  garnered  from  his  own  extensive 
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Figure  8.  Summary  of  effects  of  common  physical  factors 
on  human  physiological  thermoregulatory  systems  and  comfort. 
Note  additive  effects  from  sources  of  discomfort  such  as 
skin  wettedness  (w) ,  clothing  insulation  (clo) ,  fatigue, 
etc.  (Redrawn  from  Hardy,  1971). 
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studies  and  those  of  his  colleagues,  on  pain,  thermal  radi¬ 
ation,  and  physiological  measurements,  makes  a  clear  argu¬ 
ment  tiiat  perception  of  thermal  comfort  and  discomfort  is 
both  c.i;.Lected  by  and  a  product  of  an  integrated  state  of 
thermoregulation.  The  basic  elements  are  shown  in  Figure  8. 

Hensel  (1981)  has  recently  summarized  certain  aspects 
suggested  by  Figure  3  that  are  related  to  neurophysiological 
inputs  having  a  common  pathway.  He  has  shown  that  peri¬ 
pheral  thermal  sensors  feed  directly  to  higher  C.N.S.  struc¬ 
tures  and  play  an  important  role  in  autonomic  and  behavioral 
responses  of  organisms  to  the  thermal  environment.  There¬ 
fore  from  Hardy's  (1972)  and  Hensel 's  (1981)  conclusions, 
sensations  of  warmth  follow  directly  from  skin  warming;  but, 
warm  discomfort  depends  upon  an  interaction  between  many 
physiologj '^al  and  physical  factors,  including  sweating, 
fraction  of  skin  areas  wet  with  sweat,  peripheral  blood 
flow,  and  central  and  peripheral  temperatures. 

Warmth  discomfort  occurs  whenever  physiological  mecha- 
nisnus  such  as  sweating  and  increased  skin  blood  flow  are 
activated  to  bring  heat  loss  into  balance  with  metabolic 
heat  production.  Cold  discomfort  arises  predominantly  from 
vasoconstriction  and  a  subsequent  decrease  in  skin  tempera¬ 
ture  necessary  for  heat  conservation.  In  humans,  cold  dis¬ 
comfort  imposes  a  greater  challenge  to  behavior  than  body 
heating  because  autonomic  mechanisms  of  heat  loss  (vasodi¬ 
lation  and  sweating)  allow  facile  means  for  maintai.ning 
thermal  balance.  However,  in  animals,  the  reverse  may  often 
be  the  case.  Although  an  adequate  description  of  sensory 
responses  to  cold  environments  can  be  made  in  terms  of 
either  cold  discomfort  or  cold  sensation,  quantification  of 
warm  discomfort  or  warmth  sensation  is  possible  only  by 
assessing  multiple  physiological  responses. 

It  must  be  pointed  out  that  neither  nor  w  is  a  simple 
index  of  any  one  regulative  process  such  as  the  secretion  of 
sweat  or  the  vasodilation  of  peripheral  blood  vessels  during 
heat  ejqjosure.  However,  when  thermal  equilibrium  is  main¬ 
tained  by  both  of  these  efferent  responses,  it  can  be  shown 
that  they  both  may  be  linearly  related  to  each  other  and  to 

^sk- 

All  of  the  above  variables  have  been  incorporated  by 
Gagge,  et  al.  (1972)  in  a  single  I  f-'upci  nture  index  by  which 
a  prediction  of  thermal  comfort  and  thermal  sensation  can  be 
made.  A  simple  model  of  human  tenperature  regulation  was 
used  to  simulate  thermal  responses  in  any  environment;  the 
model  includes  the  applicable  transfer  coefficients  for  both 
sensible  and  insensible  neat  exchange  and  a  humid  operative 
tcnparature  given  environmental  condition 
derived  in  terms  of  operative  tenperature  (T  )  ,  ambient 
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vapor  pressure,  and  skin  wettedness. 

In  later  studies,  Gagge,  et  al.  (1972)  proposed  that  a 
50%  rh  base  be  included  in  a  new  index,  which  was  defined  as 
the  temperature  of  an  imaginary  standard  environment  with  a 
pre-fixed  transfer  coefficient  in  which  the  total  heat 
exchange  (sensible  plus  insensible)  from  the  skin  surface 
would  be  the  same  as  in  the  actual  environment.  This  stan¬ 
dard  index  was  called  Standard  Effective  Temperature  (SET*) . 
How  this  rational  index  can  be  used  to  predict  phasic  sense - 
tions  and  thermal  discomfort  by  cycling  infrared  radiation 
during  increases  in  humidity  was  studied  by  Gonzalez  and 
Gagge  (1973).  The  experimental  arrangement  for  exposing 
seated  subjects  to  radiant  heat  was  similar  to  earlier 
studies  (Gagge  and  Hardy,  1967) .  Two  infrared  quartz 
heaters,  fitted  with  shutters,  were  mounted  at  a  45°  angle 
from  the  vertical  and  2  meters  from  each  side  of  the  sub¬ 
ject.  The  heaters  were  set  at  7000  kW;  ttas  level  caused 
the  subject  to  receive  an  Effective  Padiant  Field  (ERF)  of 
70  W/m^  when  the  shutters  were  open,  equivalent  to  raising 
the  mean  radiant  temperature  (T  )  by  approximately  14  °C  or 
the  operative  temperature  (T  )  by  approximately  9  °C  above 
the  T^.  The  T^^^  was  held  constant  near  32  °C.  At  t-0 
(expeAmental  time)  ,  the  subject  had  been  in  the  chamber  at 
least  15  min  and  had  begun  sweating  lightly,  while  the 
instrumentation  was  adjusted.  At  this  time,  the  radiant 
heat  cycling  pattern  was  initiated;  3  min  on  and  2  min  off. 
During  this  cycling  process,  test  observations  were  made 
just  prior  to  radiant  heat  "on",  after  2  min  of  exposure  to 
radiant  heat,  and  after  one  minute  of  no  radiant  heat. 
During  the  cyclic  radiant  heat  the  ambient  vapor  pressure 
was  raised  continuously  from  8  Torr  to  35  Torr. 

Figure  9  shows  the  relationships  between  the  discomfort 
index  and  physiological  and  physical  measurements.  The 
square-wave  pattern  for  T  and  T  represents  the  periods 
when  the  shutters  were  opened  and  closed.  "t^j^  is  also 
plotted  on  the  same  ordinate  scale.  The  lower  curves  of 
Figure  9  show  the  relative  changes  in  vapor  pressure  and  ET* 
during  the  cyclic  experiment.  Discomfort,  skin  wettedness, 
skin,  and  rectal  temperatures  al..  show  a  progressive  in¬ 
crease  as  the  humidity  rose. 

Figure  10  shows  the  relationship  between  warm  discomfort 
and  skin  wettedness  as  well  as  mean  skin  temperature  T 
Discomfort  rose  linearly  with  increasing  skin  wettedness  for 
observations  both  with  and  without  heating.  The  discomfort 
observations  during  radiant  heat  rose  at  approximately  twice 
the  rate  of  those  without  radiant  heat  in  terms  of  changes 
in  mean  skin  temperature,  T  . 

Figures  10a  and  10c  relate  discomfort  to  the  ET*  Index. 
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Figure  9.  Variation  with  time  of  magnitude  estimates  of 
di^scomfort,  skin  wettedness  (w)  ,  average  skin  temperature 
(Tgj^)  t  snd  rectal  temperature  during  changes  in  operative 
temperature  (T^)  caused  by  infrared  radiation  (ERF)  and 
rising  ambient  vapor  pressure  (P  )  ,  Changes  in  effective 
temperature  (ET*)  are  also  shownf  (From  data  in  Gonzalez 
and  Gagge,  1973.) 
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Both  of  these  curves  show  that  thermal  discomfort  may  be 
predicted  by  use  of  the  ET*  Index  and  the  curves  are  de¬ 
scribed  by  the  general  power  relation  (cf.  Chapter  9) 

Discomfort  exp  S  (ET*-ET*  )  , 

n 

where  g  is  the  exponent  of  the  power  function  and  ET*  is 
the  effective  temperature  at  physiological  thermoneutrafity. 
The  value  of  g  for  the  radiation  data  is  1.4  when  an  ET* 

n 

value  of  28  ®C  is  used  as  the  threshold. 

Gonzalez,  et  al .  (1974)  reported  data  taken  on  clothed 
and  unclothed  sedentary  subjects  in  both  warm  and  cold  envi¬ 
ronments  in  which  thermal  discomfort  was  assessed  by  magni¬ 
tude  estimation  and  compared  with  T^^^  and  w.  In  warm 
environments  (ERF  =  40  to  70  W/m^)  ,  T  and  P  were  indepen¬ 
dently  varied;  in  cold  environments,  only  was  varied. 
Discomfort  estimates,  observed  for  various  clothing  insula¬ 
tions,  humidity,  and  operative  temperature,  were  con^jared  to 
the  Standard  Effective  Temperature  (SET*)  as  shown  in  Figure 
11.  In  the  cold,  T^j^  is  the  principal  input.  Cold  discom¬ 
fort  is  a  linear  function  of  (25-SET*)  in  °C.  In  terms  of 
SET*,  warm  discomfort  displays  a  function  of  (SET*-25)  to  a 
power  in  the  range  of  1.5  to  2.0. 

SET*  is  therefore  a  suitable  temperature  scale  to 
describe  the  effects  of  the  thermal  environment  on  resting 
man.  It  is  important  to  recognize  that  the  extremities  of 
the  body  during  sedentary  activity  do  not  produce  enough 
heat  to  maintain  normal  temperature  in  these  sites;  their 
local  skin  tenperature  is  a  major  input  in  discomfort.  The 
heat  comes  from  the  core  of  the  body.  During  exercise,  how¬ 
ever,  active  muscle  masses  may  increase  their  heat  produc¬ 
tion  by  some  10  times  the  resting  level  increasing  internal 
conduction  thereby.  The  result  is  that  changes  in  skin 
blood  flow  (K  )  (see  Chapter  13)  during  exercise  will  pro¬ 
vide  an  important  addition  to  changes  in  the  comfort  thresh¬ 
olds  shov/n  in  Figures  10  and  11. 


CONCLUSIONS 


This  chapter  highlights  some  biophysical  and  physiologi¬ 
cal  variables  important  to  our  understanding  of  );uman 
responses  to  infrared  radiation.  Yet,  there  are  many  other 
aspects  of  the  field  which  are  fundamentally  important  but 
could  not  be  adequately  covered  here.  These  include  the 
following  research  areas  which  need  fuller  study. 

Our  understanding  of  pain  and  tenperature  sensation  at 
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STANDARD  EFFECTIVE  TEMPERATURE  (•<:) 


Figure  11.  Relation  of  predicted  disconfort  and  actual 
discomfort  votes  to  various  complex  environrients,  normalized 
by  standard  effective  temperature  (°C).  (From  data  in 
Gonzalez,  et  al.,  1974.) 


the  neurophysiological  level  is  still  limited.  For  exait®)le, 
Boulant  and  Gonzalez  (1977)  showed  in  rabbits  that  warm 
peripheral  tenperatures  dec.reased  markedly  the  thermosen¬ 
sitivity  of  heat  loss  (panting)  responses  to  changes  in 
preoptic  tenperature.  These  latter  responses  parallel  simi¬ 
lar  neuronal  responses  occurring  in  hyperthermic  conditions 
(Hensel,  1^81)  which  suggest  a  common  coiP’^'ititive  link  be¬ 
tween  peripheral  excitatory  afferents  and  local  excitatory 
(preoptic)  influences  in  the  control  of  thermoregulatory 
heat  loss.  If  true,  this  result  could  explain  the  close 
association  of  estimates  of  discomfort  with  efferent  drive 
for  thermal  sweating  shown  in  Figure  8  and  in  earlier 
studies  by  Gagge,  et  al.  (1969). 
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Handler  and  Hardy  (1960)  first  pointed  out  for  infrared 
heating  that  the  rate  of  change  of  skin  temperature  (dT  /dt) 
has  a  minimal  effect  in  eliciting  thermal  sensation.  Also 
interesting  is  the  remarkable  after-sensation  felt  with 
heating  at  the  pricking  pain  threshold  (800  mW/cm^) .  These 
effects  could  possibly  be  attributed  to  slow  kinetics  of 
excitatory  transmitters  (a  neuropeptide?)  from  nociceptive 
afferents,  suggesting  a  biochemical  mediator  of  pain  and 
thermal  discomfort.  Some  modulators  of  the  perception  of 
pain  have  been  linked  to  pituitary  endorphins  (Holaday,  et 
al.,  1978). 

Studies  on  the  effects  of  non-thermal  stimulation  (pres¬ 
sure)  ,  which  has  been  shown  to  affect  sweating  (Ogawa,  et 
al . ,  1980) ,  need  to  be  pursued  during  phasic  exposures  to 
ERF  and  during  heat  acclimation. 

Marks  and  Gonzalez  (1974)  showed  that  thermal  radiation 
affects  hedonic  estimates  as  warm  intensity  increases 
(Figure  7) .  More  intense  radiation  at  a  given  ambient  tem¬ 
perature  above  the  comfort  zone  makes  a  person  warmer  and 
creates  diverse  behavioral  responses  (irritability,  aggres¬ 
siveness)  .  It  is  important  to  assess  what  occurs  during 
whole-body  assymetric  thermal  radiation  since  assymetric 
radiant  fields  have  a  strong  hedonic  influence  (e.g., 
basking  in  the  sun,  warm  fireplaces,  etc.).  Some  recent 
studies  (McIntyre,  1976;  Fanger,  et  al . ,  1981;  Olesen  and 
Nielsen,  1981)  have  added  to  this  understanding.  Limits  as 
high  as  17  °C  by  clothed  individuals  but  11  °C  by  unclothed 
subjects  have  been  tolerated.  However,  measurements  of  skin 
blood  flow  or  skin  heat  flow  have  yet  to  be  made  during 
assymetric  radiation. 

Finally'r^^i^he  single  and  consistently  reliable  physical- 
physiologicar  index  of  warm  discomfort  is  still  skin  wetted- 
ness.  Yet,  how  this  signal  is  transduced  and  conveyed  to 
the  consciousness  (whether  by  mechanical  deformation  or 
hydration  of  skin  receptors)  -{F^gufe^>^till  eludes  thermo¬ 
biologists.  ■, 

|\ 
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I.  EUTHERMIA 


A.  Heat  Balance  Equation 

Conservation  of  energy  is  the  most  importan.  aw  for  the 
study  of  thermoregulation.  It  is  usually  ejq>ressed  in  the 
following  equation  form  and  referred  to  as  the  heat  balance 
equation  (although  week  rate  can  enter  into  the  equation) : 

M-W=R+C  +  E±S 

On  the  left  side  of  this  equation,  M  is  metabolic  energy 
production  and  rt  is  power  or  the  rate  at  which  useful  work 
is  performed  by  the  body,  if  any.  The  strictest  definition 
of  work  is  used  in  the  heat  balance  equation:  that  is,  a 
force  operating  through  a  certain  distance  in  the  direction 
of  the  force.  A  man  walking  along  level  ground  is  not  per¬ 
forming  any  work  because  of  the  absence  of  any  force  in  the 
direction  of  motion.  However,  a  person  climbing  stairs  is 
performing  work  which  is  equal  to  his  mass  times  the  accel¬ 
eration  of  gravity  (the  force)  times  the  vertical  height  of 
the  stairs.  The  difference  between  M  and  W  in  the  heat 
balance  equation  is  equal  to  heat  production.  Animals  per¬ 
form  work  with  a  low  efficiency  near  20-25%  at  best;  i.e., 
if  a  subject  performs  a  certain  amount  of  work,  then  the 
metabolic  production  of  the  subject  during  the  work 
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perfonticince  would  be  at  least  four  to  five  times  larger  than 
the  amount  of  work  perfornied. 

The  first  three  items  on  the  right  side  of  the  heat  bal¬ 
ance  equation  are  heat  transfer  terms  which,  under  most  con¬ 
ditions,  represent  heat  losses  from  the  body.  R  represents 
heat  transfer  due  to  radiation,  C  is  that  due  to  convection, 
and  E  is  heat  loss  due  to  the  evaporation  of  water.  A  de¬ 
tailed  account  of  these  heat  transfer  inodes  for  humans  is 
given  by  Gagge  and  Nishi  (1977)  .  All  objects  with  a  tem¬ 
perature  above  absolute  zero  emit  electronvagnetic  radiation. 
This  emission  causes  a  net  flow  of  heat  from  a  warm  object 
to  a  cool  one.  Heat  transfer  through  conduction  is  usually 
insignificant  under  normal  conditions.  However,  conduction 
combined  with  mass  transfer  forms  the  mode  of  heat  transfer 
known  as  convection  which  is  a  significant  form  of  heat 
transfer.  Convection  occurs  when  a  cool  fluid,  usually  air 
or  water,  surroinds  a  warmer  object.  The  amount  of  heat 
removed  ay  the  fluid  depends  upon  the  temperature  difference 
between  the  object  and  the  bathing  medium,  and  also  the 
velocity  of  the  fluid  bathing  the  object.  The  third  term, 
E,  represents  heat  loss  due  to  the  evaporation  of  water. 
When  water  changes  phase  from  a  liquid  to  a  gas  at  normal 
body  temperature,  nearly  600  cal/gm  are  required,  the  latent 
heat  of  vaporization.  The  body  loses  this  amount  of  heat 
when  water  is  evaporated  from  its  surface.  Water  which  dif¬ 
fuses  through  skin  is  constantly  being  evaporated  along  with 
water  in  the  breath  lost  from  respiratory  surfaces.  Evapor¬ 
ation  depends  on  the  difference  between  vapor  pressures  at 
the  evaporative  surface  and  of  the  ambient  air.  This  is 
most  important  in  hot  environments  when  the  temperature 
gradient  between  the  body  and  the  environment  is  small  or 
even  reversed.  Such  environments  render  radiation  and  con¬ 
vection  useless  as  avenues  of  heat  loss.  Fortunately,  evap¬ 
oration  can  remove  large  amounts  of  heat,  and  sweating, 
wallowing  and  other  methods  of  keeping  the  skin  wet  are 
effective  in  preventing  dangerous  increases  in  body  tender- 
ature  from  occurring  in  hot  environments. 

Finally,  the  term  S  in  the  heat  balance  equation  is  the 
rate  of  heat  storage.  It  is  merely  the  difference  between 
heat  production  on  the  left  side  of  the  equation  and  heat 
losses  on  the  right  side.  Positive  or  negative  heat  storage 
can  be  directly  related  to  an  increase  or  decrease  in  body 
temperature  by  knowing  the  mass  and  the  specific  heat  of  the 
body.  The  aim  of  temperature  regulation  is  to  minimize  S, 
to  balance  heat  loss  with  heat  gain,  thereby  maintaining 
body  temperature  at  its  normal  value.  Thic  normal  value  for 
body  teiqperature  in  man  is  cited  by  most  people  as  98.6  °F, 
but,  i.i  fact,  there  is  a  distribution  of  normal  values.  Ivy 
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Figure  1.  This  frequency  histogram  shows  the  wide  range 
of  body  temperature  (oral  teni)erature)  found  in  normal , 
healthy  individuals.  M=mean  ten^erature  and  a=standard  dev¬ 
iation.  From  Ivy  (1944) . 


(1944)  measured  the  temperature  in  a  number  of  normal,  heal¬ 
thy  medical  students.  Figure  1  shows  a  histogram  from  his 
survey  of  these  subjects.  One  can  see  that  the  average  is 
98.1  "F  and  the  mode  is  98.3  °F  but  there  is  also  a  wide 
variation  from  96.5  to  99.3  °F.  Although  body  temperature 
is,  on  average,  a  constant  value,  it  is  usually  changing,  a 
factor  which  accounts  for  some  of  the  variation  in  normal 
body  temperature.  Long  term  observations  of  body  tempera¬ 
ture  have  revealed  a  number  of  periodicities.  In  an  early 
study,  Kleitman  (1923)  recorded  the  body  temperature  from 
subjects  deprived  of  sleep.  Figure  2  shows  data  from  one 
such  subject  who  endured  115  hours  without  bleeping. 
Clearly  illustrated  is  a  circadian  rhythm  in  body  tenpera- 
ture,  with  a  maximal  value  occurring  in  the  afternoon  and  a 
minimum,  in  the  early  morning.  These  data  also  showed  that 
the  daily  rhythm  was  not  due  to  periods  of  sleep  because 
they  persisted  despite  the  elimination  of  sleep  during  the 
observational  period,  although  insomnia  seemed  to  attenuate 
the  magnitude  of  this  periodicity.  There  have  been  other 
body  temperature  oscillations  reported  such  as  those  cor¬ 
related  with  the  rest-activity  cycle  which  has  a  period  of 
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Figure  2.  The  prominent  circadian  rhythm  in  body  temper- 
ature  is  illustrated  by  this  5  day  record  of  oral  tempera¬ 
ture  from  a  study  by  Kleitman  (1923) .  The  subject  did  not 
sleep  during  this  experiment.  Clock  tiriwb  of  0600  hr.  and 
1800  hr.  are  indicated  .;long  the  abscissa.  Body  temperature 
(°C)  is  on  the  ordinate. 


60-90  minutes  in  man,  a  periodicity  in  women  which  is  coin¬ 
cident  with  the  menstrual  cycle,  and  seasonal  variations. 


B.  T:ie  Thermoregulatory  System 

The  thermoregulatory  system  seems  to  operate  in  a  manner 
similar  to  an  automatic  negative  feedback  control  system.  A 
simplified  diagram  is  shown  in  Figure  3.  It  contains  a  body 
whose  temperature  is  regulated  at  a  reference  or  set  value. 
There  are  sensors  to  detect  various  temperatures  of  the  body 
and  a  controller  to  integrate  tliis  sensory  information  and 
to  control  the  effectors  for  heat  production  and  heat  loss. 
If  a  disturbance  offsets  body  temperature  from  the  set  tem¬ 
perature,  then  the  controller  detects  this  change  through 
the  thermal  sensors,  ^ind  appropriate  effector  activity  is 
elicited  to  bring  oody  teirperature  back  towards  the  desired 
level. 
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Figure  3.  The  thermoregulatory  system  is  depicted  here 
as  a  simple  automatic  control  system.  Therroodetectors  sense 
various  body  temperatures  and  relay  this  information  to  a 
central  controller.  The  controller  processes  the  informa¬ 
tion  and  determines  the  appropriate  effector  activity  to 
alleviate  any  disturbances  and  maintain  body  temperature 
within  normal  limits. 


Effector  activity  depends  upon  the  level  of  skin  tempera¬ 
ture  and,  thus,  it  has  been  reasoned  that  thermal  sensors 
must  exist  which  detect  skin  temperature.  In  fact,  free 
nerve  endings  in  the  skin  can  be  found  which  increase  their 
activity  to  warming  the  skin,  warm  receptors,  or  to  cooling 
the  skin,  cold  receptors.  Exanples  of  such  neurons  are 
illustrated  in  Figure  4  which  is  taken  from  the  work  of 
Hensel  and  his  coworkers  (Hensel  and  Kenshalo,  1969;  Hensel 
and  Wurster,  1969)  .  In  this  particular  study,  skin  on  por¬ 
tions  of  the  nose  of  cats  was  either  locally  heated  or 
cooled  while  recordings  were  taken  from  fibers  in  the  infra¬ 
orbital  nerve  which  supplies  this  region.  The  average 
firing  rates  of  these  neurons  are  shown  as  a  function  of 
skin  temperature.  When  the  skin  temperature  was  increased 
from  a  thermoneutral  value  (32-34  °C) ,  warm  fibers  increased 
their  impulse  frequencies  while  cold  fibers  decreased 
theirs.  Conversely,  cold  fibers  increased  their  activity 
when  the  skin  was  cooled  while  the  activity  of  the  warm 
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Figure  4.  Neurons  exist  which  alter  their  activities  in 
response  to  changes  in  skin  temperature.  The  curves  above 
show  the  average  impulse  frequencies  as  a  function  of  skin 
temperature  for  two  populations  -  warm  fibers  and  cold 
fibers.  These  data  are  from  neurons  innervating  the  nose  of 
a  cat  (Hensel  and  Kenshalo,  1969) . 


fibers  was  suppressed.  Mechanical  stimulation  of  the  same 
area  did  not  elicit  any  neuronal  activity  indicating  a  spe¬ 
cificity  of  these  fibers  to  the  thermal  stimuli.  Similarly, 
localized  heating  or  cooling  of  the  preoptic  anterior  hypo¬ 
thalamus  evokes  appropriate  effector  activity  for  heat  loss 
or  heat  storage  and,  therefore,  thermal  sensors  are  thought 
to  exist  in  this  region.  Again,  neurons  can  be  found  which 
react  to  local  heating  or  cooling.  In  an  early  study, 
Nakayama,  et  al.  (1961)  warmed  the  preoptic  area  of  cats 
using  radio  frequency  heating  while  recording  from  single 
neurons  in  the  same  area.  As  shown  in  Figure  5,  single 
units  were  discovered  whose  activities  increased  simultan¬ 
eously  with  rising  hypothalamic  temperature  accompanied  a 
few  minutes  later  by  polypnea,  a  heat  loss  response.  Many 
other  reports  (for  example,  Nakayama,  et  al.  1963  ;  Hellon, 
1967;  Cabanac,  et  al.,  1968)  have  since  confirmed  and  estab¬ 
lished  the  presence  of  both  warm-sensitive  and  cold- 
sensitive  neuront,  in  this  region.  The  behavior  of  these 
neurons  has  led  many  to  believe  that  these  neurons  are 
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Figure  5.  Localized  radio-frequency  heating  of  the 
preoptic/anterior  hypothalamus  causes  polypnea,  a  heat  loss 
mechanism,  and  an  increase  in  the  discharge  rate  of  certain 
neurons  residing  in  the  same  area  of  the  brain.  From 
Nakayama,  T.,  Eisenman,  J.S.,  and  Hardy,  J.D.  (1961). 
Single  unit  activity  of  anterior  hypothalamus  during  local 
heating.  Science  134:560-561.  Copyright  1961  by  the  Ameri¬ 
can  Association  for  the  Advancement  of  Science.  Reprinted  by 
permission. 


indeed  the  thermodetectors  present  in  the  preoptic  area  of 
the  hypothalamus.  Thermal  sensors  are  also  thought  to  exist 
elsewhere  in  the  body  such  as  the  spinal  cord  (Simon,  1974) , 
midbrain  (Hensel,  1974),  and  viscera  (Rawson  and  Quick, 
1970) .  Unfortunately,  there  is  still  no  direct  proof  that 
these  thermally  responsive  neurons  are  actually  the  thermal 
sensors  involved  with  thermoregulation. 

The  signals  from  the  various  thermal  sensors  are  inte¬ 
grated  by  the  controller  for  temperature  regulation  which  in 
turn  organizes  the  appropriate  effector  outputs.  Early 
studies  concerned  with  the  central  nervous  system  revealed 
that  temperature  regulation  is  compromised  when  hypothalamic 
tissue  is  destroyed  and,  thus,  the  controller  for  thermo- 
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regulation  is  thought  to  exist  in  this  region.  The  most 
powerful  inputs  to  the  controller  are  apparently  provided  by 
the  thermal  information  from  the  skin  and  the  hypothalamus . 
The  skin  sensors  are  iir^iortant  because  they  can  detect 
changes  in  the  environment.  For  instance,  if  ambient  tem¬ 
perature  decreases,  then  heat  loss  from  the  skin  is  in¬ 
creased,  leading  to  a  reduction  in  its  ten^erature.  This 
occurrence  evokes  cutaneous  vasoconstriction  to  reduce  heat 
transfer  from  the  body  core  to  the  skin  through  the  circu¬ 
lation.  In  addition,  shivering  is  induced  if  necessary, 
leading  to  increased  heat  production.  On  the  other  hand, 
hypothalamic  sensors  detect  internal  changes,  the  most  com¬ 
mon  being  the  rise  in  body  temperature  during  exercise  due 
to  the  increased  heat  production  from  skeletal  muscle.  This 
rise  elicits  cutaneous  vasodilation  to  carry  heat  from  the 
core  to  skin,  and  it  stimulates  sweating  to  increase  the 
transfer  of  heat  from  the  skin  to  the  environment.  Together, 
peripheral  and  internal  thermodetectors  allow  the  controller 
to  quickly  and  accurately  regulate  body  temperature  under 
most  conditions. 

How  these  two  sets  of  thermoreceptors  are  integrated  is 
of  current  interest.  Recent  e:5q>eriments  from  our  laboratory 
indicate  a  multiplicative  interaction  between  the  two. 
Figure  6  shows  metabolic  rates  measured  in  rabbits  at 
various  skin  and  hypothalamic  temperatures  (Stitt,  1978) . 
By  varying  ambient  temperature,  one  can  control  skin  temper¬ 
ature,  and  by  employing  chronically  implanted,  water  per¬ 
fused  thermodes,  one  can  set  hypothalamic  temperature  as 
desired.  The  three  lines  represent  constant  values  of  mean 
skin  temperature  as  indicated.  Each  line  has  a  different 
slope,  increasing  with  decreasing  skin  temperature,  and  all 
lines  appear  to  converge  at  the  same  point.  Such  an 
arrangement  can  be  modelled  by  the  multiplicative  inter¬ 
action  shown  by  the  equation  in  Figure  6.  Another  study 
(Stitt,  1976)  revealed  that  a  heat  loss  effector  mechanism, 
respiratory  evaporative  heat  loss  in  rabbits,  also  displayed 
a  multiplicative  interaction.  Other  researchers  have  also 
argued  for  a  multiplicative  interaction  (e.g.,  Jacobson  and 
Squires,  1970).  However,  there  are  some  who  have  argued  for 
an  additive  integration  of  skin  and  hypothalamic  information 
by  the  regulator  of  body  temperature  (Harionel,  et  al.  ,  1963; 
Hellstr)z5m  and  Hammel,  1967);  the  debate  continues. 
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Figure  6.  Metabolic  heat  production  (in  watts Ag)  in 
rabbits  is  shown  for  different  hypothalamic  tenperatures 
(Thy)  at  three  levels  of  mean  skin  temperature  (Tsk)  indi¬ 
cated  by  the  symbols.  Least  squares  regression  analysis  of 
the  data  produces  three  converging  lines  which  can  be  model¬ 
led  by  the  multiplicative  equation  shown  in  this  figure. 
This  model  sets  resting  metabolic  rate  (FM)  as  3.0  wAg- 
From  Stitt  (1978) . 


II.  HYPERTHERMIA 


Hyperthermia  is  the  condition  where  body  tenperature  is 
elevated  above  normal  values.  Referring  back  to  the  heat 
balance  equation,  hyperthermia  ensues  when  heat  production 
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exceeds  heat  loss  leading  to  the  storage  of  heat  and  a  rise 
in  body  temperature.  If  this  imbalance  is  not  corrected, 
body  temperature  will  continue  to  rise  resulting  in  heat 
stroke,  then  death.  There  are  many  ways  for  such  an  imbal¬ 
ance  to  occur.  For  instance,  a  hot,  humid  environment  can 
overwhelm  the  cooling  power  of  radiation,  convection,  and 
evaporation,  leading  to  hyperthermia.  In  some  cases  the 
function  of  heat  loss  effector  mechanisms  might  be  in^aired 
due  to  autonomic  nervous  system  dysfunction  or  certain  types 
of  drug  therapy.  Thus,  if  sweating  or  cutaneous  vasodila¬ 
tion  were  unable  to  increase  as  they  would  normally  in 
response  to  a  warm  environment,  then  body  temperature  would 
rise.  Two  common  forms  of  hyperthermia  are  the  hyperthermia 
of  exercise  and  fever.  During  exercise,  increased  heat  pro¬ 
duction  creates  a  temporary  imbalance  between  heat  gain  and 
heat  loss.  This  causes  a  higher- than-normal  body  tempera¬ 
ture  throughout  the  exercise  period.  Fever  is  a  specialized 
case  of  hyperthermia  which  is  usually  associated  with  ill¬ 
ness  and  infection. 


A.  Exercise 

Exercise  produces  a  condition  where  the  thermoregulatory 
system  must  operate  in  the  presence  of  an  internal  distur¬ 
bance.  When  a  proportional  negative  feedback  control  system 
encounters  such  a  disturbance,  the  system  generally  operates 
with  an  offset  in  its  regulated  variable.  Apparently  this 
happens  during  exercise.  Figure  7  shows  how  this  increment 
in  body  temperature  is  generated.  Heat  production  rises 
immediately  and  produces  a  temporarily  large  rate  of  heat 
storage.  Rising  body  temperature  generates  a  negative  error 
signal,  -e.  This  increasing  signal  drives  heat  loss  mechan¬ 
isms  at  an  ever-increasing  rate  until  heat  loss  equals  heat 
production.  When  a  balance  is  attained,  body  temperature 
will  equilibrate  in  a  state  of  hyperthermia.  This  elevated 
body  temperature  is  maintained  as  long  as  exercise  generates 
an  increased  level  of  heat  production. 

The  analysis  in  Figure  7  assumes  that  exercise  affects 
body  temperature  only  by  creating  internal  heat.  Exercise 
does  not  change  the  "set  point"  or  the  normal  operation  of 
the  thermoregulatory  system.  Nielsen  and  Nielsen  (1965) 
provided  experimental  evidence  that  these  assumptions  are 
valid,  at  least  for  moderate  levels  of  exercise.  These 
researchers  used  short  wave  diathermry  to  deposit  heat  in  the 
deep  tissues  of  the  torso  in  human  subjects.  The  same  sub¬ 
jects  also  exercised  on  a  cycle  ergometer  at  a  work  rate 
which  was  adjusted  so  that  the  heat  production  during 
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Figure  7.  The  events  leading  to  a  rise  in  rectal  tem¬ 
perature  during  exercise.  Hyperthermia  is  caused  by  the 
sustained  increase  in  heat  production  during  exercise.  The 
set  temperature  appears  to  remain  unchanged  during  exercise. 
From  Stitt  (1979). 


diathermic  heating  and  cycling  was  equal  (almost  400  kcal/hr 
which  is  approximately  5  times  basal  levels) .  During  steady 
state  conditions,  Nielsen  and  Nielsen  found  that  rectal  tem¬ 
perature  increased  by  the  same  amount  in  both  procedures. 
Similar  thermal  conductances  indicated  that  skin  blood  flow 
increased  equally  during  diathermy  and  exercise.  Finally, 
the  two  procedures  resulted  in  only  a  small  difference  in 
sweat  rates.  Since  they  altered  body  temperature  and 
thermoregulatory'  effector  mechanisms  in  a  similar  manner, 
exercise  and  diathermic  heating  appeared  to  be  equivalent 
disturbances . 

It  is  difficult  to  imagine  that  diathermy  or  exercise  can 
affect  body  temperature  regulation  in  a  nonthermal  manner. 
More  likely,  diathermy  and  exercise  produce  similar  re¬ 
sponses  because  they  both  effect  changes  in  thermoregulation 
only  by  generating  internal  heat.  Low  frequency  microvkaves 
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Figure  8.  An  early  observation  by  Macpherson  (1959)  of 
bod)^  temperature  regulation  during  fever.  Subjects  exer¬ 
cised  (climbed  steps)  during  the  bars  above  the  time  axis 
and  rested  in  between.  Rectal  temperature  for  siibject  N  is 
shown  (a)  before  and  (b)  during  a  febrile  respiratory  ill¬ 
ness.  The  other  subjects  were  healthy  in  both  cases. 
Although  rectal  tenperature  for  N  was  elevated  during  fever, 
it  responded  to  the  exercise  regimen  in  a  manner  similar  to 
the  others.  During  fever,  temperature  regulation  appears  to 
occur  normally,  except  at  an  elevated  level. 


which  deposit  heat  in  deep  tissues  of  the  body  are  probably 
not  unlike  the  shortwaves  used  for  diathermic  heating  by 
Nielsen  and  Nielsen.  Thus,  one  might  expect  that  the  steady 
state  thermoregulatory  response  to  irradiation  by  microwaves 
of  this  type  would  be  the  same  as  that  produced  by  diather¬ 
mic  heating  and  moderate  exercise,  all  represented  by  the 
cuialogy  in  Figure  7. 
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B .  Fever 

By  contrast,  fever  increases  the  level  at  which  body  tem¬ 
perature  is  regulated.  During  fever,  the  behavior  of  the 
thermoregulatory  system  is  consistent  with  an  elevation  of 
its  set  temperature.  The  febrile  temperature  is  defended 
against  disturbances  as  it  is  during  regulation  in  the 
afebrile  condition.  Figure  8  shows  one  of  the  earliest 
demonstrations  of  this  point  in  man.  Macpherson  (1959)  had 
been  conducting  long  term  experiments  involving  soldiers  who 
were  on  a  daily  regimen  of  alternating  exercise  and  rest 
periods.  By  chance,  one  subject,  N,  contracted  a  febrile 
illness  during  the  course  of  the  study,  but  insisted  upon 
performing  the  experimental  procedures.  Figure  3 (a)  com¬ 
pares  the  response  of  rectal  temperature  for  subject  N  while 
healthy  with  the  mean  values  of  rectal  temperature  for  the 
other  subjects  in  the  study.  Rectal  temperature  for  N  rose 
during  exercise  periods  and  fell  during  rest  periods  in  a 
manner  almost  identical  to  the  others.  Figure  8(b)  makes 
the  same  conparison  when  N  was  in  the  febrile  state.  Rectal 
temperature  was  2  ®F  above  that  for  the  other  subjects. 
However,  when  the  exercise  bouts  were  performed,  N’s  rectal 
temperature  again  rose  and  fell  in  a  manner  similar  to  the 
others,  except  at  a  higher  level.  Thus,  temperature  regu¬ 
lation  during  exercise  was  not  impaired  by  fever. 

How  is  the  elevated  body  temperature  of  fever  attained? 
This  depends  upon  the  thermal  environment  and  the  potency  of 
the  fever.  Heat  losses  are  first  reduced  to  a  minimum.  If 
this  action  does  not  provide  an  adequate  rate  of  heat  stor¬ 
age,  then  heat  production  rises.  Figure  9  depicts  an  exper¬ 
iment  which  demonstrates  different  ways  a  fever  can  be 
achieved.  Intravenous  injections  of  leukocyte  pyrogen  (LP) 
produced  fever  in  a  rabbit,  first  in  a  warm  environment,  and 
then  in  a  cold  one.  In  addition  to  rectal  temperature. 
Figure  9  also  displays  metabolic  heat  production  (M)  ,  ear 
blood  flow  (EBF)  ,  and  respiratory  evaporative  heat  loss 
(E  )  .  At  the  high  ambient  temperature ,  the  animal  was 
obliged  to  vasodilate  (high  EBF)  and  pant  (high  E  )  to 
remain  in  thermal  balance.  LP  produced  fever  by  suppressing 
the  elevated  activity  of  these  heat  loss  mechanisms.  Hov- 
ever,  in  the  cold  environment,  heat  loss  mechanisms  were 
minimized  to  maintain  body  temperature.  When  LP  was  in¬ 
jected  in  the  cold,  heat  losses  could  not  be  further 
reduced.  Instead,  increased  heat  production  was  the  only 
way  to  raise  body  temperature,  and,  thus,  the  rabbit 
shivered  vigorously.  These  experiments  show  that  once  a 
pyrogen  displaces  the  set  temperature,  the  controller  for 
thermoregulation  utilizes  any  approf  ate  effector 
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Figure  9,  Identical  doses  of  leukocyte  pyrogen  (LP)  were 
injected  into  a  rabbit  to  produce  fevers  in  an  ambient  tem¬ 
perature  (Ta)  which  was  hot  (a)  and  one  which  was  cold  (b)  . 
Although  the  change  in  rectal  temperature  (Tre)  was  about 
the  same  in  both  cases,  the  thermoregulatory  effector  mech¬ 
anisms  utilized  to  raise  rectal  temperature  were  different. 
In  the  hot  environment,  heat  loss  mechanisms  -  ear  blood 
flow  (EBF)  and  respiratory  evaporative  heat  loss  (Eres)  - 
were  suppressed,  leading  to  heat  storage.  However,  in  the 
cold  environment,  heat  production  (M)  was  increased,  again 
leading  to  heat  storage.  From  Stitt  (1979). 
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mechanisms  available  to  raise  body  temperature. 

The  events  which  produce  fever  and  those  which  terminate 
it  are  illustrated  in  Figure  10.  When  a  circulating  pyrogen 
affects  the  central  nervous  system,  the  set  temperature 
(shown  in  the  third  panel  as  a  dashed  line)  is  elevated. 
Because  body  temperature  is  belcw  this  new  set  point,  a 
large  error  sig-nal,  e,  is  generated  which  activates 
effectors  to  increase  body  temperature.  This  is  the  "chill" 
phase  of  a  fever.  It  is  characterized  by  pallor,  indicative 
of  cutaneous  vasoconstriction,  euid  intense  shivering.  This 
effector  activity  leads  to  heat  storage  and  a  rapid  eleva¬ 
tion  of  body  temperature  to  the  febrile  level  whereupon  the 
"plateau"  phase  begins.  At  this  stage,  the  error  signal  has 
been  eliminated,  effector  activity  is  close  to  the  level 
existent  before  fever,  eind  normal  regulation  now  occurs  at 
this  new  and  higher  level.  The  plateau  phase  is  maintained 
until  either  the  illness  runs  its  course  or  an  antipyretic 
drug  is  admanistered  after  which  the  fever  breaks  and  the 
"crisis"  phase  begins.  The  set  temperature  reverts  back  to 
its  normal  value,  but  actual  body  temperature  is  still  at 
febrile  levels.  Thus,  a  large  negative  error  signal,  -e,  is 
now  produced  which  drives  heat  loss  mechanisms.  Profuse 
sweating  occurs  along  with  cuteineous  vasodilation,  bringing 
about  a  large  heat  loss  (negative  heat  storage)  which  rapid¬ 
ly  returns  body  temperature  to  the  normal  level. 


C.  Differences  Between  Exercise  and  Fever 

Even  though  the  final  temperature  attained  during  iever 
and  during  the  hyperthermia  of  exercise  might  well  be  the 
same,  there  are  obvious  differences  between  the  two  states. 
The  febrile  person  will  appear  normal  with  no  heat  dissi¬ 
pating  mechanisms  active  (assuming  a  thermoneutral  environ¬ 
ment)  .  Conversely,  the  exercising  person  will  exhibit 
sweating  and  cutaneous  vasodilation:  these  are  active  heat 
loss  mechanisms  which  are  counteracting  the  increased  heat 
production  of  exercise.  A  febrile  person  initially  feels 
cold,  then  thermally  comfortable  during  the  plateau  phase, 
while  an  exercising  person  will  report  a  sensation  of  warmtli 
or  overheating-  In  addition,  there  is  a  difference  in  the 
temperature  which  is  judged  as  comfortable  or  pleasant. 
This  can  be  illustrated  by  the  following  experiments. 
Figure  11  presents  an  experiment  where  a  squirrel  monkey  was 
allowed  to  select  ambient  air  at  a  temperature  of  either  10 
or  50  °C  before  and  after  an  injection  of  prostaglandin 
(PGE^) ,  a  pyrogenic  substance  when  administered  directly 
into  the  brain.  The  PGEj^  injection  not  only  caused  an 
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Figure  11.  This  experinent  demonstrates  that  fever  in¬ 
creases  the  preferred  temperature  chocen  by  a  monkey.  The 
monkey  was  trained  to  select  as  it  wished  either  10  °C  ambi¬ 
ent  air  or  50  ®C  ambient  air.  The  monkey's  selections 
produced  a  mean  skin  temperature  averaging  about  38  °C  be¬ 
fore  fever.  Injection  of  prostaglandin  (PGE  )  into  the 
hypothalamus  produced  a  fever  and  increased  the  amount  of 
hot  air  chosen  by  the  animal.  This  action  led  to  an  in¬ 
crease  in  mean  skin  temperature,  averaging  about  40  °C 
during  the  fever.  Mean  skin  temperature  which  was  con¬ 
trolled  by  the  monkey  itself  rose  during  fever.  From  Craw- 
shaw  and  Stitt  (1975) . 


increase  in  rectal  temperature,  but  it  also  produced  a  rise 
in  mean  sKin  temperature  because  the  monkey  had  selected 
more  warm  air  than  it  had  before  the  fever.  Thus,  fever 
causes  a  hyperthermia  accompanied  by  an  increase  in  the  pre¬ 
ferred  temperature.  On  the  other  hand.  Figure  12  shows  an 
experiment  where  a  human  subject  had  his  hand  inserted  into 
a  water  perfused  glove.  The  subject  was  instructed  to 
adjust  the  water  temperature  to  that  temperature  which  felt 
pleasant,  before  and  during  an  exercise  period.  This  figure 
shows  that  exercise  induced  both  a  rise  in  esophogeal  tem¬ 
perature  and  a  fall  in  the  temperature  of  the  glove 
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Figure  12.  During  this  experiment  a  subject  wore  a  water 
perfused  glove  and  was  instructed  to  maintain  a  comfortable 
glove  tenperature  by  controlling  water  tenperature.  Glove 
tenperature  (Tglove) ,  esophogeal  temperature  (Tes) ,  mean 
skin  temperature  (l^s)  ,  and  the  thermal  conductance  of  the 
palm  (k)  were  measured  before,  during,  and  after  exercise 
(bicycle  ergometer) .  During  the  second  half  of  the  exercise 
period,  the  tenperature  (Tglove)  selected  by  the  subject 
fell  as  body  temperature  rose.  Conversely,  Tglove  gradually 
rose  during  the  recovery  period  as  body  tenperature  returned 
to  normal.  The  hyperthermia  of  exercise  produces  a  decrease 
in  the  preferred  tenperature.  From  Cabanac,  M. ,  Cunningham, 
D.J.,  and  Stolwijk,  J.A.J.,  (1971).  Thermoregulatory  set 
point  during  exercise:  a  behavioral  approach.  J.  comp, 
physiol.  Psychol.  76:94-102.  Copyright  1971  by  the  American 
Psychological  Association.  Reprinted  by  permission  of  the 
publisher  and  author. 


perfusion  water.  The  subject  selected  progressively  cooler 
water  as  his  body  tenperature  rose  due  to  the  exercise. 
Contrary  to  fever,  exercise  produced  hyperthermia  which  was 
acconpanied  by  a  decrease  of  the  preferred  tenperature. 
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III.  SUMMARY 

V. 

In  this  paper  we  have  presented  a  few  fundamental  prin¬ 
ciples  which  are  essential  for  an  understanding  of  how 
microwaves  might  affect  body  temperature  regulation. 
Application  of  the  heat  balance  equation  requires  an 
accounting  of  all  heat  losses  and  heat  gains.  Thus,  experi¬ 
mental  measurements  of  these  two  processes  are  usually 
required  to  explain  any  thermoregulatory  response.  Know¬ 
ledge  of  the  individual  elements  of  the  thermoregulatory 
system  and  their  integrative  operation  is  imperative.  With¬ 
out  such  information  one  cannot  hope  to  analyze  or  predict 
the  consequences  of  microwave  irradiation,  or  to  separate 
simple  heating  effects  from  possible  nonthermal  effects. 
Finally,  we  have  tried  to  emphasize  that  hyperthermia  can  be 
produced  in  different  ways.  Thus,  there  may  be  several 
forms  of  microwave  hyperthermia,  differing  in  their  causal¬ 
ity.  Deposition  of  microwave  energy  in  deep  tissues  might 
produce  a  response  similar  to  exercise  hyperthermia. '■^^''1:he — 
other  hand,  microwaves  with  a  higher  frequency  which  are 
absorbed  by  skin  might  produce  another  type  of  response, 
perhaps  similar  to  that  produced  by  exposure  to  extremely 
high  ambient  temperatures.  And  it  is  not  impossible  that 
certain  microwaves  could  disturb  neural  elements  in  the  cen¬ 
tral  nervous  system,  leading  to  thermoregulatory  dysfunction 
and  hyperthermia. 
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INTRODUCTION 


Microwave  radiation  generates  heat  in  tissues,  and  there¬ 
fore  body  temperatures  and  thermoregulatory  responses  are 
variables  of  primary  interest  to  those  conducting  research 
on  the  effects  of  microwave  irradiation  on  animals.  How¬ 
ever,  the  vertebrate  thermoregulatory  system  is  extremely 
effective  in  maintaining  thermal  homeostasis  of  the  body  in 
the  face  of  extreme  and  varied  thermal  stresses.  Therefore, 
the  effects  of  microwave  irradiation  cannot  be  evaluated  on 
the  simple  basis  of  a  change  in  some  body  tenperature ;  the 
integrated  response  of  the  thermoregulatory  system  must  be 
considered.  The  microwave  biologist  should  have  an  appreci¬ 
ation  for  the  relationships  between  changes  in  various  body 
tenperatures  and  the  compensatory  responses  of  thermoregu¬ 
latory  effectors.  Such  an  appreciation only  be  enhanced 
by  an  understanding  of  the  centrab^ervous  system  (CNS) 
integrative  mechanisms  underlyi«i§  these  relationships  be¬ 
tween  stimuli  and  responses .  ^i^n  this  chapter  I  shall  dis¬ 
cuss  current  concepts  of  the  organization  of  the  central 
nervous  thermoregulatory  system.  I  shall  pay  particular 
attention  to  features  of  the  system  which  may  present 
special  problems  or  opportunities  for  biologists  studying 
the  effects  of  microwave  radiation  on  organisms. 
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REPRESENTATION  OF  BODY  TEMPERATURE 
TO  THE  CNS 


The  influence  of  microwave  irradiation  on  inputs  to  the 
thermoregulatory  system  will  depend  on  the  distribution  of 
energy  deposition  in  the  body  and  the  distribution  of  ther¬ 
mal  sensitivity  in  the  body.  Let's  assume  that  the  micro- 
wave  engineer  can  model  the  deposition  of  energy.  What 
quantitative  information  do  we  have  on  the  organization  of 
thermal  sensitivity? 

The  thermal  status  of  tissues  is  transduced  into  neural 
signals  at  many  locations  in  the  body.  Let's  begin  with  the 
skin.  The  skin  is  well  supplied  with  undifferentiated, 
unmyelinated  endings  of  small  n^elinated  fibers  which  are 
sensitive  to  either  warm  or  cold  (cf.  Figure  4,  Chapter  7)  . 
Both  classes  of  cutaneous  thermoreceptors  are  characterized 
by  phasic  responses  to  changes  in  tenperature  as  well  as 
rates  of  static  firing  which  are  directly  proportional  to 
temperature  in  the  case  of  warm  receptors  and  inversely  prc  - 
portional  to  tenperature  in  the  case  of  cold  receptors. 
These  receptors  do  not  respond  to  mechanical  stimuli.  There 
have  been  several  recent  reviews  of  cutaneous  thermorecep¬ 
tors  (Iggo,  1969;  Hensel,  1976,  1981;  Necker,  1982).  For 
our  purposes  it  is  sufficient  to  note  that  the  CNS  receives 
abundant  information  about  the  actual  temperature  of  skin 
surfaces  and  also  about  any  changes  which  occur  in  skin  tem¬ 
peratures.  But  the  important  issues  in  the  context  of 
microwave  exposure  are  the  relative  representations  of  dif¬ 
ferent  skin  areas  to  the  central  regulatory  system  and  the 
weighting  of  these  inputs  relative  to  inputs  from  thermosen¬ 
sors  deep  in  the  body.  As  we  might  expect,  the  represen¬ 
tation  of  peripheral  temperatures  in  the  control  of 
thermoregulatory  responses  is  not  simply  proportional  to  the 
area  of  the  skin  surface  stimulated  nor  are  the  inputs  from 
cold  and  warm  receptors  strictly  symmetrical. 

The  most  dramatic  localized  thermosensitivity  has  been 
demonstrated  in  the  scrotum  of  rams  (Waites,  1962;  Halos,  et 
ai.,  1971)  and  pigs  (Ingram,  et  al.,  1972).  In  most  mammals 
and  birds  it  is  difficult  to  stimulate  thermal  polypnea  or 
panting  by  a  generalized  heating  of  the  skin  if  deep  body 
tenperature  remains  normal.  However,  heating  of  the  scrotum 
of  rams  and  pigs  to  slightly  above  40  ®C  stimulated  polypnea 
in  spite  of  a  gradual  fall  in  deep  body  temperature.  These 
studies  also  showed  that  an  increased  thermogenesis  stimu¬ 
lated  by  low  overall  skin  temperatures  could  be  supx:)rersed 
by  heating  of  the  scrotum.  The  high  thermosensitivity  of 
the  scrotum  mav  be  a  very  special  adaptation  related  to  the 
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influence  of  high  temperatures  on  spermatogenesis.  Normally 
the  immediate  response  to  overheating  of  the  scrotum  is  a 
relaxation  of  the  scrotal  musculature  so  that  the  sciotum 
and  the  testes  are  cooled  convectively.  In  the  artificial 
situation  of  thermal  stimulation  of  the  scrotum,  or  perhaps 
whole  body  exposure  to  microwave  radiation,  the  relaxation 
of  the  scrotal  musculature  is  not  an  effective  local  thermo¬ 
regulatory  response,  and  a  large  input  to  the  central  ther¬ 
moregulatory  system  results.  Therefore,  the  effect  of  whole 
body  microwave  radiation  on  the  temperature  of  the  testes 
may  result  in  a  thermal  stimulation  out  of  proportion  to  the 
induced  rise  in  overall  skin  and  body  temperature. 

Other  less  specialized  skin  areas  are  also  weighted  dif¬ 
ferentially  relative  to  the  influence  of  their  tenperatures 
on  thermoregulatory  responses.  An  excellent  exanple  comes 
from  the  work  of  Necker  on  pigeons  (1977).  The  beak  of  the 
pigeon  has  numerous  cold  receptors  (Necker,  1972) ;  never¬ 
theless,  heating  and  cooling  the  beak  and  the  nonfeathered 
skin  of  the  legs  are  very  ineffective  in  modulating  ongoing 
shivering  induced  by  a  lowered  body  temperature.  In  con¬ 
trast,  heating  and  cooling  feathered  skin  areas  have  strong 
influences  on  shivering.  Per  unit  area,  back  skin  is  the 
most  sensitive,  followed  by  v/ing  skin,  and  then  skin  of  the 
breast. 

Man  is  the  only  other  species  for  which  the  thermosensi¬ 
tivity  of  different  skin  areas  has  been  quantified  in  terms 
of  influence  on  thermoregulatory  responses.  The  measured 
response  variable  was  sweating  rate  as  influenced  by  radiant 
1  warming  (Nadel,  et  al , ,  1973)  or  cooling  (Crawshaw,  et  ai . , 

1975)  of  specific  skin  areas.  The  results  of  these  studies 
are  shown  in  Table  I.  The  facial  skin  is  about  3  times  more 
sensitive  to  warm  or  cool  stimuli  than  the  skin  covering 
either  trunk  or  extremities,  and  it  appears  to  be  approxi¬ 
mately  equally  sensitive  to  warming  or  cooling.  For  the 
trunk  and  extremities  an  asymmetry  in  sensitivity  to  warming 
or  cooling  is  apparent.  The  extremities  are  more  sensitive 
to  cooling  and  the  trunk  is  more  sensitive  to  warming. 
These  results  have  been  confirmed  in  psychophysical  studies 
of  warmth  sensation  in  different  body  regions  (cf.  Chapter 
9)  . 

Deep  body  temperatures  also  play  a  role  in  stimulating 
thermoregulatory  responses.  Classically,  the  hypothalamus, 
particularly  the  preoptic  and  anterior  hypothalamic  nuclei, 
and  the  spinal  cord  have  been  considered  important  inputs  to 
the  thermoregulatory  system  (Bligh,  1973;  Hammel,  1968; 
Simon,  1974;  and  Necker,  1982).  In  mammals  hypothalamic 
thermosensitivity  is  high  —  extremely  high  in  some  species 
of  small  mammals  (Heller,  1978) .  Birds  have  minimal  or  even 
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Table  I.  Relative  Thermosensitivity  of  Different 
Skin  Areas  as  Measured  by  Sweating 


A 

B 

C 

Face 

0.07 

0.21 

0.19 

Chest 

0.09 

0.10 

0.08 

Upper  back 

0.09 

0.11 

0.09 

Abdomen 

0.18 

0.17 

0.12 

Trunk 

0.36 

0.38 

0.29 

Upper  legs 

0.16 

0.15 

0.12 

Lower  legs 

0.16 

0.08 

0.15 

Upper  arms 

0.13 

0.12 

0.13 

Lower  arms 

n.l2 

0.06 

0.12 

Extremities 

0.57 

0.41 

0.52 

Column  A  lists  the  relative  surface  areas  of  different  parts 
of  the  human  body.  Column  B  lists  weighting  factors  for 
skin  tenperatures  of  these  areas  in  the  stimulation  of 
sweating  as  measured  on  the  thigh.  Col\imn  C  lists  weighting 
factors  for  the  effectiveness  of  cooling  of  these  areas  on 
reducing  sweating  (measured  on  the  thigh)  which  has  been 
stimulated  by  whole  body  heating  (data  from  Crawshaw,  et 
ai.,  1975). 


nonhomeostatic  hypothalamic  thermosensitivity;  spinal  tem¬ 
perature  has  been  considered  the  dominant  deep  body  feedback 
loop  in  the  avian  thermoregulatory  system  (Simon,  1974) . 
Figures  1  and  2  present  exan5>les  of  thermoregulatory  re¬ 
sponses  induced  by  perturbations  of  hypothalamic  or  spinal 
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temperatures.  In  both  cases  the  responses  of  the  animals  in 
terms  of  actual  heat  exchange  are  much  greater  than  the 
quantities  of  heat  put  into  or  taken  out  of  the  animal  by 
the  e}q)erimental  manipulation.  The  result  is  that  the  stim¬ 
ulation  causes  a  strong  shift  in  overall  body  temperature  in 
the  opposite  direction  to  that  of  the  stimulus.  It  is  com¬ 
monly  taken  for  granted  that  such  highly  thermosensitive 


Figure  1.  This  recording  was  made  during  an  experiment 
in  which  the  hypothalamic  temperature  of  an  unanesthetized 
ground  squirrel  was  cooled  (open  bar)  and  heated  (black  bar) 
while  0^  consun^Jtion  and  rectal  temperature  were  measured. 
The  experiment  was  conducted  at  10  °C  which  is  below  ther¬ 
moneutrality  for  this  animal,  and  therefore  the  0^  consump¬ 
tion  was  above  the  basal  rate  at  the  beginning  of  the 
record.  Lowering  of  hypothalamic  temperature  (dotted  line) 
caused  marked  elevations  in  O  consumption  which  resulted  in 
steep  increases  in  overall  body  temperature.  Raising  hypo¬ 
thalamic  temperature  suppressed  0^  consumption  to  basal 
levels  which  in  this  cold  environment  resulted  in  falls  in 
overall  body  temperature  (from  Heller,  et  al.,  1974). 
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Spinal  cooling  induced  a  large  increase  in  consvanption  as  well  as  vasoconstriction  in  the 
feet,  and  other  body  temperatures  rose  due  to  rhe  excess  heat  production.  The  metabolic  re¬ 
sponse  to  spinal  cooling  was  not  augmented  by  simultaneous  hypothalamic  cooling  or  diminished 
by  simultaneous  hypothalamic  warming.  The  vasomotor  responses  in  the  feet  were  influenced  by 
both  hypothalamic  and  spinal  tenperatures  (from  Rautenberg,  et  al . ,  1972). 
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sites  must  be  playing  important  roles  in  normal  thermo¬ 
regulation. 

Deep  body  sites  outside  of  the  CNS  also  have  been  shown 
to  be  highly  therroosensitive  and  influence  thermoregulatory 
responses.  Intraabdominal  thermosensitivity,  for  exanple, 
has  been  demonstrated  in  sheep  (Rawson,  et  al . ,  1970) ,  goats 
(Mercer,  et  aJ . ,  1978),  monkeys  (Adair,  1971),  emd  rabbits 
(Riedel,  et  al . ,  1973).  However,  the  quantitative  distri¬ 
bution  of  extra-CNS  thermosensitivity  has  been  little 
studied. 

In  a  series  of  extremely  interesting  and  ingenious  ejqser- 
iments  in  several  species,  Jessen  and  colleagues  have  been 
able  to  give  us  some  idea  of  the  relative  weighting  of  the 
temperatures  of  different  body  areas  in  the  stimulation  of 
thermoregulatory  responses.  They  have  used  a  variety  of 
techniques  in  concert  to  stimulate  or  change  skin  temper¬ 
ature,  spinal  temperature,  hypothalamic  temperature,  and 
deep  body  teitperature.  An  intravascular  heat  exchanger 
placed  in  the  aorta  of  the  goat  was  used  to  control  deep 
body  temperature  (Jessen,  et  al.,  1977)  while  spinal  and 
hypothalamic  thermodes  were  used  to  independently  manipulate 
the  temperatures  of  these  two  CNS  sites  (Jessen,  1977) . 
Skin  tenperature  was  influenced  by  the  temperature  of  the 
surrounding  air  (Jessen,  1977)  or  else  the  animal  was  placed 
in  a  water  bath  (Jessen,  1981).  In  controlling  the  shiv¬ 
ering  response,  the  tenperature  of  the  body  core  had  3 
times  the  influence  of  the  skin  temperature.  The  thermo¬ 
sensitivity  of  the  body  core  was  about  equally  divided 
between  CNS  and  extra-CNS  components,  and  within  the  CNS, 
hypothalamic  temperature  had  about  twice  the  power  of  the 
spinal  temperature  to  drive  heat  production. 

The  weighting  of  thermal  stimuli  that  drive  respiratory 
evaporative  heat  loss  in  the  goat  has  not  been  as  exten¬ 
sively  documented  by  Jessen  and  colleagues  as  have  the 
stimuli  driving  metabolic  heat  production.  But,  enough  work 
has  been  done  to  reveal  that  the  integration  of  stimuli 
driving  heat  loss  responses  is  not  symmetrical  with  those 
driving  heat  production.  If  increased  r.-spiratory  evapor¬ 
ative  heat  loss  is  induced  by  hypothalamic  warming,  it  can 
be  enhanced  by  spinal  warming,  but  it  cannot  be  inhibited  by 
spinal  cooling  (Jessen,  1977) . 

Quantitation  of  stimuli  that  drive  thermoregulatory 
responses  has  also  been  undertaken  for  the  dog  (Jessen,  et 
al.,  1971)  but  is  less  complete  than  the  work  on  goats.  An 
accurate  comparison  of  peripheral  versus  central  thermosen¬ 
sitivity  does  not  yet  exist  for  the  dog.  Howeve",  for  cen¬ 
tral  thermosensitivity,  the  weighting  of  hypothalamic  to  all 
other  deep  body  thermosensitivity  is  about  1:2.3  (Mercer, 
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et  al.,  1980),  and  the  tJiennosensitivity  of  the  hypothalamus 
about  equal  to  that  of  the  spinal  cord  in  driving  responses 
of  both  heat  loss  and  heat  production.  Therefore,  the 
weighting  of  deep  body  thermosensitivities  in  the  dog  seems 
to  be  about  equally  divided  between  hypothalamus ,  spinal 
cord,  and  extra-CNS  structures. 

The  Jessen  group  has  also  partitioned  whole-body  thermo¬ 
sensitivity  of  the  goose  into  its  spinal,  supraspinal,  and 
extra-CNS  components  (Helfma.nn,  et  al.,  1981),  and  the 
results  are  quite  different  from  those  obtained  on  the  mam¬ 
mals  discussed  above.  As  e2q>ected  from  previous  work  on 
birds,  the  supraspinal  thermosensitivity  was  very  low  — 
1/12  of  total  whole  body  thermosensitivity.  An  unexpected 
finding  was  that  spinal  themosensitivity  was  also  extremely 
low  —  only  1/40  of  total  whole  body  thermosensitivity. 
Therefore,  most  of  the  input  driving  heat  production  in  the 
goose  is  derived  from  thermosensitivity  of  structures  out¬ 
side  of  the  CNS . 

Quantitative  partitioning  of  thermosei\sitivity  does  not 
exist  for  any  other  species.  This  is  unfortunate  for  micro¬ 
wave  research,  because  it  is  just  this  sort  of  information 
which  is  required  to  predict  and  assess  the  effects  on  the 
thermoregulatory  system  of  the  deposition  of  microwave 
energy  in  tissues.  Also,  we  should  expect  considerable  dif¬ 
ferences  between  species.  Major  differences  in  sites  of  CNS 
thermosensitivity  exist  between  birds  and  mammals  (Necker, 
1982) .  Within  mammals  there  appears  to  be  an  inverse  rela¬ 
tionship  between  hypothalamic  thermosensitivity  and  body 
size  (Figure  3) .  Comparable  data  on  peripheral  thermosensi¬ 
tivity  of  mammals  does  not  exist,  but  we  might  expect  the 
relationship  to  be  reversed  —  namely  an  increase  in  peri¬ 
pheral  thenrosensitivity  with  an  increase  in  body  size 
(Heller,  1978) .  Clearly,  interpretation  of  the  effects  of 
microwave  irradiation  on  the  thermoregulatory  system  of  a 
particular  species  will  not  be  a  simple  task. 


INTEGRATION  OF  INFORMATION  AND  CONTROL 
OF  THERMOREGULATORY  RESPONSES 


The  identification  of  sites  deep  within  the  body  which 
are  highly  thermosensitive  provides  us  with  the  basic 
conponents  of  a  thermostat.  When  body  temperature  falls, 
the  cold-sensitive  structures  are  activated  and  can  stimu¬ 
late  heat  conservation/production  responses.  When  core 
temperature  rises,  the  warm-sensitive  structures  can  stimu¬ 
late  heat  loss  responses.  In  this  way  deep  body  temperature 
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Figure  3.  The  proportionality  constants  relating  meta¬ 
bolic  rate  to  hypothalamic  teirperature  plotted  as  a  function 
of  body  weight  for  21  species  of  mammals  (from  Heller, 
1978) . 


should  oscillate  around  a  "set  point"  temperature  at  which 
the  activities  of  both  cold  and  warm  receptors  are  minimal. 
Unfortunately,  the  thermoregulatory  systems  of  mtimmals  and 
birds  do  not  function  in  this  simple  fashion.  Major  changes 
in  thermoregulatory  responses  are  not  naturally  associaced 
with  changes  in  body  tenperature.  In  studies  on  rats 
(Abrams,  et  al.,  1964),  dogs  (Rawson,  et  al . ,  1965)  and 
pigeons  (Graf,  et  al.,  1979),  long  term  recordings  of  deep 
body  tenperature  and  rate  of  metabolic  heat  production  were 
made  leading  to  the  conclusion  that  the  two  responses  were 
not  correlated.  Uhat  then  is  the  function  of  the  ubiquitous 
high  thermosensitivity  in  deep  body  CNS  structures  of  birds 
and  mammals?  Is  it  only  a  fail-safe  eidaptation  of  impor¬ 
tance  under  extreme  conditions,  or  is  it  integrally  involved 
in  moment-to-moment  regulation  of  body  temperature? 

An  answer  to  this  seeming  dilemma  was  first  proposed  by 
Hammel,  et  al.  (1963)  in  the  form  of  a  hypothesis  about  the 
organization  of  the  CNS  thermoregulatory  system.  They 
termed  their  model  a  proportional  regulator  with  an  adjust¬ 
able  set  point-  Rather  than  assuming  that  the  process  of 
integration  in  the  central  nervous  thermoregulatory  system 
consisted  of  a  simple  weighted  summing  of  inputs  from  all 
thermosensitive  sites,  they  proposed  that  the  process  of 
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integration  involves  the  generation  of  a  reference  signal 
which  is  compared  to  some  feedback  signal.  Differences  be¬ 
tween  the  reference  signal  and  the  feedback  signal  are 
c.:anslated  into  commands  to  the  appropriate  effector  mecha¬ 
nisms  .  In  ihj  s  scheme  the  authors  considered  hypothalamic 
ben^rature  to  be  the  i.'i.jor  feedback  element  in  this  control 
system,  and  they  proposed  that  other  variables  such  as  skin 
temperature,  extrahypothalaraic  deep  body  tenperatures,  and 
sleep  have  their  influence  on  the  system  by  changing  the 
reference  signal.  This  model  was  later  cast  in  the  form  of 
a  control  systems  engineering  model  (Hammel,  1965;  Hardy, 
1965)  reproduced  in  Figure  4.  Data  supporting  this  model 
were  obtained  in  experiments  on  dogs  in  which  hypothalamic 
therroosensitivity  was  characterized  in  terms  of  heat  loss 
and  heat  production  responses,  and  then  the  influences  of 
skin  tenperature  and  extrahypothalamic  body  tenperature  on 
the  hypothalamic  thermosensitivity  curves  were  determined 
(Hellstrf^m  ana  Hammel,  1967).  An  example  of  these  inportant 
experiments  is  presented  in  Figure  5.  In  response  to  manip¬ 
ulations  of  hypothalamic  temperature  (T  )  at  a  normal 
laboratory  air  temperature  of  25  "C,  the  do^  began  to  shiver 
when  was  cooled  below  about  37.5  ‘'C  and  the  intensity  of 
shivering,  as  revealed  by  oxygen  consumption,  was  propor¬ 
tional  to  the  difference  between  this  threshold  of  37.5  ®C 
and  lower  T  's.  When  the  dog  was  placed  in  a  colder  envi¬ 
ronment  (T^  -  15  °C) ,  it  was  already  shivering  vigorously  at 
a  of  37.5  °C  and  continued  to  shiver  until  was 

warm^  to  40  °C.  The  slope  of  the  response  curve  was^very 
similar  at  T^'s  of  15  °C  and  25  °C,  bat  the  threshold  T 
for  initiation  of  shivering  was  2.5  "C  higher  at  the  lowe? 
T  .  When  the  dog  was  placed  in  warm  environments,  the 
threshold  T^^  for  the  shivering  response  declined  so  that 
the  warmer  ^he  T  ,  the  more  hypothalamic  cooling  was  re¬ 
quired  to  initiate  shivering.  Depending  on  the  prevailing 
T  ,  it  was  possible  to  observe  shivering  or  panting  in  the 
same  dog  at  the  same  T  .  Hellstr^Jm  and  Hammel  suggested 
that  these  results  coulP  be  interpreted  to  mean  that  inputs 
from  peripheral  therir<osensitive  elements  serve  to  alter  the 
reference  signal  against  which  the  actual  T  was  being  com¬ 
pared.  In  other  publications,  Hammel  put  %rward  a  simple 
neuronal  model  which  had  the  properties  of  the  block,  engi¬ 
neering  model  eind  accovinted  for  the  observed  results 
(Hammel,  1965;  Hammel,  et  al.,  1973). 

The  importance  of  these  papers  by  Hainnel  and  his  col¬ 
leagues  was  not  that  they  offered  models  which  uniquely 
explained  the  data  on  characteristics  of  hypothalamic  and 
extrahypothalamic  thermosensitivities  and  how  those  inputs 
were  integrated  to  control  thermoregulatory  responses;  other 
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Figure  5.  Metabolic  responses  of  a  dog  to  manipulations 
of  hypothalamic  temperature  at  four  different  ambient  tem¬ 
peratures.  Data  represented  by  open  circles  were  not 
included  in  calculations  of  basal  levels  or  regression  lines 
(from  HellstrjzJm  and  Hammel,  1967)  . 


models  which  are  equally  tenable  have  been  proposed  (e.g. , 
Wyndham,  et  al.,  1968;  Briickf  et  al.,  1970;  Bligh,  1972; 
Boulant,  1977) .  The  real  value  of  these  early  papers  was  in 
the  concept  of  a  highly  adjustable  central  reference  point 
against  which  a  constant  homeostatic  variable  could  be  com¬ 
pared.  In  other  words,  the  sensitivity  to  the  feedback 
variable  changed  rather  than  the  feedback  variable  itself. 
Such  a  design  feature  imparts  to  the  regulatory  system  a 
feed-forward  nature  or  a  predictive  capability  which  greatly 
enhances  the  homeostatic  ability  of  the  system.  Consider  in 
this  case  that  hypothalamic  temperature  is  both  the  major 
feedback  element  in  the  regulatory  system  and  the  homeo¬ 
static  variable  which  the  system  has  evolved  to  regulate. 
Changes  i'  skin  temperatures  or  temperatures  of  exercising 
muscles  threacen  to  perturb  the  homeostasis  of  T  .  In  a 
simple  feedback  regulator,  T  would  have  to  be  msplaced 
before  an  error  signal  would  be  generated  to  drive  the 
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appropriate  responses  to  leturr  T  to  its  optimum  level. 
With  the  feed-forwaia  feature  of  the  system,  however,  the 
peripheral  perturbation  causes  a  change  in  hypothalamic 
thcrmosenoltlvity  before  it  can  cause  a  change  in  hypo¬ 
thalamic  temperature.  Therefore,  an  error  signal  is  gen¬ 
erated  and  a  response  is  initiated  in  anticipation  of  a 

change  in  the  homeostatic  variable,  T,  .  Such  a  scheme 

ny 

offers  a  very  satisfying  explanation  of  wny  the  hypotnalamus 
is  hignly  temperature  sensitive  even  though  its  temperature 
rarely  changes.  In  actuality,  it  is  the  sensitivity  of  the 
hypothalamus  to  temperature  which  changes  in  order  to  keep 
hypothalamic  temperature  constant. 

Over  the  last  15  years  or  so,  the  concept  of  a  relatively 
constant  feedback  signal  and  an  adjustable  reference  or  sen¬ 
sitivity  to  that  feedback  signal  has  remained  of  central 
importance  as  we  have  learned  more  about  the  details  of  the 
CNS  thermoregulatory  system.  As  mentioned  above,  a  variety 
of  other  tenable  models  of  the  CNS  thermoregulatory  system 
have  been  proposed  and  supported  by  experimental  results. 
Our  appreciation  for  the  diversity  which  p..vbably  exists  in 
the  design  of  the  vertebrate  thermoregulatory  system  has 
increased  as  a  consequence.  We  know  now,  for  example,  that 
changes  in  hypothalamic  thermosensitivity  due  ^  Inputs  from 
extrahypothalamic  thermosensitive  structures  can  be  re¬ 
flected  by  changes  in  slope  of  the*  'urves  (eg. ,  harbor  seal 
in  Figure  6)  ,  thresholds  as  we  saw  for  the  dog  (Figure  5)  , 
or  both  (Figure  7)  .  We  have  learned  a  great  deal  more 
about  the  neuroanatemy ,  neurcpharmacology,  and  electro¬ 
physiology  of  the  thermoregulatory  sy  'em  —  topics  beyond 
the  scope  of  this  chapter.  And,  we  are  also  reaching  a 
greater  appreciation  of  the  fact  that  the  overall  organi¬ 
zation  of  the  thermoregulatory  system  is  much  more  complex 
than  is  expressed  in  simplistic  models  of  a  unitary  hypo- 
thalaxiiic  regulatory  renter  v:pon  which  all  inputs  converge 
and  from  which  arises  aii  integrated  output  which  activates 
all  effector  mechanisms. 

In  recent  years,  Satinoff  (1978)  has  proposed  a  view  of 
the  thermoregulatory  system  raox-e  complex  than  the  classical 
models  of  a  unitary  hypothalamic  regulator.  The  basic  con¬ 
cept  underlying  Satinoff 's  model  is  that  the  thernioregu- 
latory  system  consists  of  an  evolutionary  anialgamation  of 
subsystems  which  have  certain  possibilities  for  independent 
action  but  are  normally  organized  in  a  hierarchial  fashion 
and  held  in  check  by  the  highest  Devel  in  that  hierarchy  — 
the  hypothalamic  regulatory  circuit.  The  support  for  this 
concept  comes  largeJ.y  from  work  with  lesioned  animals  which 
has  produced  a  plethora  of  fascinating  and  puzzling  phenom¬ 
ena.  For  example,  dogs  (Thauer,  1935;  Keller,  et  al , , 
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Figure  6.  The  rate  of  oxygen  consumption  of  a  harbor 
seal  as  a  function  of  preoptic/hypothalamic  tenperature  for 
nine  combinations  of  ambient  temperature  (T  )  and  rectal 
temperature  (from  Hammel,  et  al.,  1977). 

1964),  cats  (Chambers,  et  al.,  1974),  and  monkeys  (Liu, 
1979)  with  the  brain  transactions  in  the  midbrain  and  rab¬ 
bits  with  nigh  cervical  transections  (Thauer,  et  al.,  1937) 
retain  or  regain  surprising  abilities  to  make  appropriate 
thermoregulatory  responses  and  crudely  regulate  their  body 
temperatures.  Apparently  some  thermoregulatory  reflexes 
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Figure  7.  The  rate  of  oxygen  consumption  of  a  desert 
ground  squirrel  {Ammospermophilus  nelsoni)  as  a  function  of 
hypothalamic  temperature  at  three  ambient  temperatures. 
Data  points  indicated  by  open  circles  were  responses  to 
hypothalamic  coolings  immediately  following  strong  hypo¬ 


thalamic  heatings.  In  this  species  both  T  threshold  for 
the  metabolic  response  and  the  proportionality  constant  for 


the  response  are  influenced  by  ambient  temperature.  The 
unique  feature,  however,  is  that  the  proportionality  con¬ 
stant  (slope  of  response  curve)  becomes  more  negative 
(steeper)  at  T  increases  (from  Heller  and  Henderson,  1976) . 


176 


H.  Craig  Heller 


remain  in  the  absence  of  the  hypothalamic  regulator. 

The  nature  of  the  control  of  the  hypothalamus  over  lower 
Ifc'^el  thermoregulatory  reflexes  was  revealed  in  some  fasci¬ 
nating  experiments  on  cats  (Chambers,  et  ai.,  1974)  and 
monkeys  (Liu,  1979)  .  Animals  with  brain  transactions  just 
below  the  hypothalamus  lost  all  autonomic  thermoregulatory 
responses  to  skin  chilling.  If,  however,  an  additional 
transection  was  made  in  the  caudal  midbrain  or  hindbrain, 
crude  autonomic  responses  to  skin  chilling  returned.  Appar¬ 
ently  a  midbrain  area  exists  which  exerts  tonic  inhibition 
over  lower  level  thermoregulatory  reflexes,  but  this  mid¬ 
brain  area  itself  is  normally  held  in  check  by  the  hypo¬ 
thalamic  thermoregulatory  structures. 

Discrete  lesion  experiments  in  rats  have  also  produced 
results  not  readily  explained  by  a  unitary  regulatory  model. 
Lesions  in  the  preoptic  and  anterior  hypothalcunic  nuclei  may 
eliminate  autonomic  thermoregulatory  responses  while  leaving 
behavioral  responses  intact  (Lipton,  1968;  Carlisle,  1969; 
Satinoff,  et  ai , ,  1970).  The  conclusion  drawn  by  Satinoff 
is  that  if  a  unitary  regulator  were  integrating  information 
and  generating  an  error  signal  activating  all  thermoregula¬ 
tory  responses,  then  a  lesion  eliminating  autonomic  re¬ 
sponses  should  also  eliminate  behavioral  ones .  An  alter¬ 
native  interpretation  which  is  not  ruled  out  is  that  the 
preoptic/anterior  hypothalamic  area  normally  does  integrate 
all  relevant  information  and  activates  both  autonomic  and 
behavioral  responses,  but  in  the  absence  of  this  regulator 
the  behavioral  responses  can  be  consciously  controlled  on 
the  basis  of  conscious  thermal  sensation.  Behavior  to  mini¬ 
mize  perceived  thermal  discomfort  could  result  in  an  ap¬ 
parent  regulation  of  body  temperature. 

Other  experiments  have  also  succeeded  in  separating 
behavioral  ai.l  autonomic  thermoregulatory  responses.  Lat¬ 
eral  hypothalamic  lesions  in  rats  (Satinoff,  et  ai . ,  1971) 
left  the  metabolic  heat  production  response  to  cold  exposure 
intact,  but  severely  impaired  behavioral  responses.  In  a 
thermal  stimulation  study  not  involving  lesions,  Adair 
(1974)  also  demonstrated  a  separation  of  autonomic  and 
behavioral  thermoregulatory  responses  in  squirrel  monkeys. 
Thermal  stimulation  of  either  the  preoptic  area  or  the  pos¬ 
terior  hypothalamus  elicited  behavioral  responses,  but  ther¬ 
mal  stimulation  of  the  posterior  hypothalamus  did  not  result 
in  autonomic  responses.  Results  such  as  these  are  not 
easily  explained  by  a  model  such  as  that  shown  in  Figure  4. 

Satinoff 's  challenge  to  the  classical  concepts  may  be 
extremely  relevant  to  research  on  the  thermoregulatory 
effects  of  microwaves.  Unusual  patterns  of  energy  depo¬ 
sition  in  tissues  may  disrupt  normal  organization  of 
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hierarch i.cal  control  and  stimulate  expression  of  lower-level 
thermoregulatory  reflexes.  Just  such  an  anomalous  situation 
was  recently  demonstrated  by  Graf  (1980)  as  a  result  of  long¬ 
term  spinal  warming  in  pigeons.  The  spinal  warming  stimu¬ 
lated  panting  which  in  turn  caused  extraspinal  temperatures 
to  fall,  resulting  in  shivering  coincident  with  the  panting  1 
The  caveat  is  that  the  influences  of  microwave  deposition  of 
energy  on  normal  thermoregulation  may  not  be  very  easy  to 
interpret.  On  the  other  hand,  microwave  techniques  may 
offer  the  thermoregulatory  physiologist  a  valuable  tool  for 
selective  thermal  stimulation  of  specific  thermosensitive 
structures . 


REGULATED  CHANGES  IN  BODY  TEMPERATURE 


So  far  in  this  Chapter  I  have  emphasized  the  constancy 
with  which  the  CNS  regulates  body  temperature,  and  I  have 
pointed  out  chat  thermal  energy  deposited  by  microwaves  in 
tissues  would  generate  inputs  to  the  regulatory  system  which 
would  result  in  compensatory  thermoregulatory  responses. 
Thus  the  effects  of  microwave  irradiation  should  be  seen  in 
activities  of  thermoregulatory  effector  organs  which  may  be 
more  significant  than  actual  measured  changes  in  body  tem¬ 
peratures.  Now  I  should  like  to  turn  to  the  question  of 
regulated  changes  in  body  teriperature  which  are  normal  adap¬ 
tations  of  the  thermoregulatory  system  and  must  be  taken 
into  consideration  when  interpreting  any  data  on  changes  in 
body  ter.peratures  or  thermoregulatory  responses .  The  adap¬ 
tations  I  shall  discuss  will  include  fever,  circadian 
rhythms,  arousal  state,  natural  torpidity,  and  broad  band 
regulation. 


Fever 

Fever  (cf.  also  Chapter  7)  is  a  classical  symptom  of 
infection  or  disease  and  was  commonly  assumed  to  be  a 
pathological  hyperthermia,  a  disruption  of  normal  regulatory 
mechanisms.  However,  the  sequence  of  events  associated  with 
fever  seem  to  represent  a  coordinated  integration  of  thermo¬ 
regulatory  responses.  The  onset  of  fever  is  characterj.zed 
by  both  autonomic  and  behavioral  responses  to  increase  heat 
production  and  decrease  heat  loss.  The  plateau  of  the  fever 
is  accoitpanied  by  declines  and  modulations  of  heat 
production/conservation  responses  to  maintain  body  tenper- 
ature  at  the  elevated,  febrile  level.  When  the  fever 
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breaks,  autonomic  and  behavioral  heat  loss  responses  result 
in  a  decline  in  body  temperature  to  the  normal  level.  This 
orderly  sequence  of  events  suggests  that  fever  is  not  due  to 
a  disruption  of  thermoregulation,  but  instead  may  be  a 
change  in  the  level  of  regulation - 

This  supposition  that  fever  is  a  regulated  change  in  body 
temperature  has  now  been  amply  demonstrated.  Sharp  and  Hum¬ 
mel  (1972)  characterized  rates  of  thermoregulatory  saliva 
production  in  dogs  as  a  function  of  hypothalamic  ten5)era- 
ture,  ambient  tenperature ,  and  level  of  exercise.  The 
hypothalamic  temperature  threshold  for  increased  saliva  pro¬ 
duction  decreased  in  response  to  increased  ambient  tenper- 
ature  and/oi  increased  level  of  exercise.  The  production  of 
fever  by  I.V.  injection  of  endogenous  pyrogen  caused  an 
increase  in  hypothalamic  ten^serature  threshold  which  was 
added  to  the  threshold  shifts  due  to  the  other  variables . 
In  other  words,  the  thermoregulatory  system  appeared  to 
integrate,  directly  or  indirectly,  the  presence  of  the  pyro¬ 
gen  along  with  other  inputs  in  the  setting  of  the  hypo¬ 
thalamic  tenperature  threshold  for  this  heat  loss  response. 

Other  studies  have  also  demonstrated  shifts  in  hypothal¬ 
amic  temperature  thresholds  associated  with  fever.  A 
particularly  elegant  quantitative  study  on  prostaglandin- 
induced  fevers  and  the  hypothalamic  temperature  threshold 
for  heat  production  responses  was  reported  by  Stitt,  et  al . 
(1974) .  Figure  8  taken  from  this  study  illustrates  the  pre¬ 
cise  graded  changes  in  the  characteristics  of  the  thermo¬ 
regulatory  system  during  fever.  The  fact  that  fever  is  a 
precise  regulated  rise  in  body  temperature  leads  to  the 
speculation  that  it  is  an  adaptive,  protective  response. 
This  topic  has  been  explored  extensively  by  Kluger  (1979) , 
and  is  beyond  the  scope  of  our  concerns  here.  However,  it 
should  be  kept  in  mind  that  microwave  damage  of  tissues 
could  result  in  cell  degeneration  with  associated  release  of 
pyrogenic  substances  and  subsequent  thermoregulatory 
disturbances . 


Circadian  Rhvthms 

Probably  since  Galileo  invented  the  thermometer,  a  daily 
cycle  of  body  tenperature  has  been  recognized  in  man  and 
then  in  many  other  mammals  and  birds.  The  simple  hypotheses 
that  the  daily  cycle  of  body  tenperature  is  a  consequence  of 
daily  patterns  of  food  intake,  muscular  activity,  or 
sleep/wakefulness  have  all  been  disproven  (for  reviews  see 
Aschoff,  1970;  Heller,  et  al.,  1977).  More  and  more  evi¬ 
dence  is  accumulating  that  there  e.xists  a  circadian  input  to 
the  thermoregulatory  system  which  results  in  a  circadian 


Contra!  Nervous  Mechanisms  Regulating  Body  Ihmperature 


179 


HYPOTHALAMIC  TEMPERATURE 


Figure  8.  The  metabolic  rate  of  a  rabbit  as  a  function 
of  hypothalamic  temperature  when  afebrile  and  during  the 
plateau  of  a  fever  induced  by  an  intrahypothalamic  injection 
of  prostaglandin  (from  Stitt,  et  al.,  1974). 


rhythm  of  regulated  changes  in  body  temperature.  For  ex- 
anple,  in  a  study  of  forearm  blood  flow  as  a  function  of 
deep  body  temperature  in  exercising  hiomans,  Wenger,  et  al. 
(1976)  showed  a  clear  shift  in  the  relationship  with  time  of 
day  (Figure  9)  .  At  night,  forearm  blood  flow  began  to  rise 
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Figure  9.  The  forearm  blood  flow  of  a  human  subject  as  a 
function  of  esophageal  temperature  measured  simultaneously 
during  tv;o  experiments,  one  conducted  during  the  daytime, 
the  other  at  night.  (From  Wenger,  et  al . ,  1976). 


steeply  at  a  lower  deep  body  temperature  than  during  the 
day.  In  a  study  of  spinal  thermosen, •  itivity  in  pigeons,  I 
have  shown  in  collaboration  with  Graf  and  Rautenberg  that 
the  spinal  temperature  thresholds  for  shivering  and  panting 
in  awake  birds  are  both  lower  at  night  than  during  the  day 
(Figure  1C) .  Clearly,  in  any  quantitative  thermoregulatory 
studies  it  is  important  to  have  entrained  subjects  and  to  do 
measurements  over  the  same  time  periods  for  comparisons 
within  or  between  subjects.  An  example  of  uhe  influence  of 
the  circadian  rhythm  of  body  temperature  on  the  response  to 
microwave  ejqjosure  is  discussed  by  Lotz  in  Chapter  22. 
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Figure  10.  The  metabolic  responses  of  a  pigeon  to  manip¬ 
ulations  of  the  temperaturo  of  its  spinal  cord  during  sleep 
and  wakefulness  at  night  and  in  the  day. 


State  of  Arousal 

To  prove  that  a  daily  cycle  of  body  temperature  is  not 
dependent  upon  the  sleep/waking  cycle  is  not  to  prove  that 
the  regulation  of  body  temperature  is  independent  of  arousal 
state.  In  fact,  changes  in  thermoregulatory  responses  coin¬ 
cident  with  transitions  between  wakefulness  and  sleep  have 
been  recognized  in  many  studies  of  both  man  and  animals  (for 
reviews  see  Heller  and  Glotzbach,  1977  and  Heller,  et  al., 
1978)  .  More  to  the  point  of  this  discussion  however,  the 
characteristics  of  the  thermoregulatory  system  in  terms  of 
hypothalamic  thermosensitivity  are  strongly  dependent  upon 
arousal  st. te.  In  non-human  mammals  sleep  states  are  gen¬ 
erally  designated  as  REM  (for  rapid  eye  movement)  sleep  or 
non-REM  sleep.  These  states  can  be  easily  distinguished  by 
their  EEG  characteristics.  In  experiments  in  which  hypo- 
thalaxTiic  temperature  was  manipulated  while  EEG  and  oxygen 
consumption  were  continuously  monitored,  hypothalamic  ther¬ 
mosensitivity  was  distinctly  lower  in  non-REM  sleep  than  in 
wakefulness  and  appeared  to  be  totally  suppressed  during  REM 
sleep  as  shown  in  Figure  11  (Glotzbach,  et  al.,  1976). 

The  influence  of  sleep  or  arousal  state  on  the  thermo- 
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Figure  11.  The  metabolic  responses  of  a  kangaroo  rat  to 
manipulations  of  its  hypothalanic  teB5)erature  during  wake¬ 
fulness,  REM  sleep,  and  non-REM  (slow  wave)  sleep. 


regulatory  system  must  be  kept  in  mind  in  thermoregulatory 
ej^ieriments  in  which  EEG  is  not  being  recorded.  Frequently 
the  conditions  of  experimentation  may  have  a  decided  influ¬ 
ence  on  arousal  state.  Clearly  thermal  stimulation  of  the 
skin  and  hypothalamus  influence  distribution  of  arousal 
states.  Ambient  ten^ieratures  in  the  upper  thennoneutral 
range  and/or  mild  hypothalamic  wanning  are  very  conducive  to 
non-REM  sleep.  REM  sleep  is  maximized  whan  both  skin  and 
hypothalamus  are  mildly  warmed  (Sakaguchi,  et  al . ,  1978; 
Szymusiak,  et  al.,  1981).  The  potential  complication, 
therefore,  in  experiments  probing  thermoregulatory  responses 
to  microwave  irradiation  is  that  the  microwaves  may  influ¬ 
ence  skin  and  core  temperatures  which  in  turn  influence 
arousal  states,  thereby  effecting  the  characteristics  of  the 
thermoregulatory  system. 
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Torpor 

Natural  torpidity  in  many  species  is  an  extension  of  nor¬ 
mal  euthermic  arousal  states.  Specifically,  maninalian  tor¬ 
por  seems  to  consist  mostly  of  non- REM  sleep  (for  a  review 
see  Walker  et  al. ,  1980)  .  A  bit  of  a  problem  derives  from 
the  fact  that  the  EEC  criteria  on  which  definitions  of 
arousal  state  are  based  become  non-op arational  as  brain  tem¬ 
perature  falls  below  25  °C.  Therefore,  until  we  have 
a  more  direct  measure  of  the  control  of  arousal  state,  we 
can  only  make  conclusions  about  distribution  of  arousal 
states  ir.  situations  in  which  T  is  above  25  "C,  namely  the 
early  part  of  entrance  into  torpor,  shallow  torpor,  and 
hibernation  at  a  high  T  .  In  all  such  cases  the  predominant 
arousal  state  is  non-RE^  sleep. 

The  fact  that  body  temperature  is  regulated  at  a  lower 
level  during  non-REM  sleep  than  during  wakefulness,  coupled 
with  the  fact  that  natural  torpor  appears  to  be  an  extension 
of  non-REM  sleep,  leads  to  the  expectation  that  torpidity  is 
a  lowering  of  the  regulated  body  temperature  and  not  simply 
a  turning  off  of  thermoregulation.  This  is  certainly  the 
case.  The  hypothalamic  temperature  threshold  for  thermo¬ 
regulatory  heat  production  declines  during  entrance  into 
hibernation  and  exists  throughout  bouts  of  hibernation  (for 
a  review  see  Heller,  et  al . ,  1978) .  An  open  question  con¬ 
cerns  what  happens  to  the  hypothalamic  temperature  thresh¬ 
olds  for  heat  dissipation  responses  during  hibernation. 
Although  the  hibernating  animal  may  be  peripherally  vaso¬ 
dilated,  active  heat  loss  responses  do  not  seem  to  be  stimu¬ 
lated  by  hypothalamic  or  peripheral  heating.  One  report  has 
described  apparent  heat  loss  behavior  resulting  from  hypo¬ 
thalamic  heating  during  hibernation  (Mills,  et  al.,  1972) 
but  it  is  possible  that  this  behavior  was  more  of  an  arousal 
response  than  a  thermoregulatory  response.  More  work  must 
be  done.  Meanwhile  the  possibility  exists  that  the  animal 
in  deep  hibernation  is  regulating  with  a  greatly  expanded 
dead  band  between  heat  production  and  heat  loss  thresholds. 
If  that  if  true,  it  would  be  of  great  utility  for  microwave 
research  as  a  model  system  for  studying  heat  deposition  in 
tissues.  The  animal  in  deep  hibernation  is  exceedingly 
still,  and  if  it  is  regulating,  with  a  wide  dead  band  width, 
then  there  is  much  scope  for  studying  the  distribution  of 
heat  deposition  due  to  microwave  radiation  without  acti¬ 
vating  arousal  or  thermoregulatory  responses. 
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Broad  band  regulation 

The  last  thermoregulatory  adaptation  I  shall  discuss  as 
relevant  to  microwave  research  is  another  case  of  broad  dead 
band  regulation,  but  not  associated  with  torpor.  Active 
heat  dissipation  by  evaporation  of  water  is  not  a  viable 
thermoregulatory  response  for  many  animals  which  face  ex¬ 
treme  heat  stress.  Iney  singly  don't  have  the  body  water  to 
squander.  In  sor^e  species  of  highly  adapted  desert  mammals, 
a  thermoregulatory  behavior  pattern  has  evolved  to  obviate 
the  need  for  excessive  water  loss  for  heat  dissipation,  and 
therefore,  its  corollary  is  a  cycle  of  body  temperature 
which  does  not  stimulate  active  thermoregulatory  responses, 
or  broad  dead  band  regulation.  The  best  known  case  is  the 
camel  which  allows  its  body  tenperature  to  rise  during  the 
day  and  fall  during  the  night  over  a  total  range  of  about 
10  °C  (Schmidt-Nielsen,  et  al,,  1357).  Small  mammals,  how¬ 
ever,  heat  much  more  rapidly  than  larger  ones  because  of 
their  higher  surface-to-volume  ratio.  They  cannot  wait 
until  night  to  dissipate  an  acquired  heat  load,  but  they  do 
have  access  to  cooler  microclimates  such  as  burrows  and 
small  patches  of  shade.  By  moving  between  open  areas  and 
microclimates  where  they  can  passively  dissipate  heat,  they 
use  heat  storage  behavior  over  a  much  shorter  time  scale 
than  does  the  camel.  But,  this  behavior,  along  with  their 
broad  dead  band  width  between  thresholds  for  active  thermo¬ 
regulatory  responses,  enables  them  to  exploit  veri*^  hot,  arid 
environments.  Figure  12  (from  Chappell,  et  al.,  1978)  sum¬ 
marizes  a  study  of  three  species  of  chipmunks  living  in  con¬ 
tiguous  habitats  varying  greatly  in  tenperature  and  aridity. 
The  study  revealed  that  the  potential  for  broad  band  width 
tht.moregulation  may  be  significantly  different  even  in 
closely  related  species.  The  relevant  message  in  the  con¬ 
text  of  this  discussion  is  that  enormous  species  differences 
may  be  expected  in  responses  to  deposition  of  heat  in  tis¬ 
sues  by  microwave  radiation.  These  differences  may  be  due 
to  adaptive  characteristics  of  the  thermoregulatory  systems 
of  the  species  involved  rather  than  to  the  physics  of  micro- 
wave  penetration  and  absorption. 


ACKNOWLEDGMENTS 


I  would  like  to  acknowledge  the  fruitful  and  exciting 
intellectual  interactions  I  have  had  over  the  years  with  the 
associates  and  colleagues  whose  work  I  have  discussed  in 


186 


H.  Craig  Heller 


this  paper.  One  could  not  eisk  for  a  better  group  of  scien¬ 
tists  and  friends. 

The  work  from  our  laboratory  discussed  herein  was  sup¬ 
ported  by  NIH  grants  NS10367  and  GM  26395. 


REFERENCES 


AbramS/  R.  and  Hammel.  H.T.  (1964).  Hypothalamic  tenpera- 
ture  in  unanesthetized  albino  rats  during  feeding  and 
sleeping.  Am.  J.  Physiol.  206:641. 

Adair,  E.  (1974) .  Hypothalamic  control  of  thermoregulatory 
behavior:  preoptic-posterior  hypothalamic  interaction. 

In  Recent  Studies  of  Hypothalamic  Function  (K.  Lederis 
and  K.E.  Cooper,  eds.),  p.  341.  Karger,  Basel. 

Aschoff,  J.  (1970) .  Circadian  rhythm  of  activity  and  of 
body  temperature.  In  Physiological  and  Behavioral  Tem¬ 
perature  Regulation  (J.D.  Hardy,  A.P.  Gagge,  and  J.A.J. 
Stolwijk,  eds.);  p.  905.  C.C.  Thomas,  Springfield, 
Illinois . 

Bligh,  J.  (1972)  .  Neuronal  models  cf  mammalian  teinperature 
regulation.  In  Essays  on  Temperature  Regulation  (J. 
Bligh  and  R.  Moore,  eds.),  p.  105.  American  Elsevier 
Publishing  Co.,  New  York. 

Bligh,  J.  (1973) .  Temperature  Regulation  in  Mammals  and 
Other  Vertebrates.  North  Holland  Publishing  Co., 
Amsterdam. 

Boulant,  J.A.  (1977) .  A  hypothalamic  neuronal  model  for 
thermoregulation.  In  Selected  Topics  in  Environmental 
Biology  (B.  Bhatia,  G.S.  Chhina,  and  B.  Singh,  eds.),  p. 
41.  Pergamon  Press,  Oxford. 

BrUck,  K.  and  WUnnenberg,  W.  (1970) .  "Meshed"  control  of 
two  effector  systems;  nonshivering  and  shivering  ther¬ 
mogenesis.  In  Physiological  and  Behavioral  Temperature 
Regulation  (J.D.  Hardy,  A.P.  Gagge,  and  J.A.J.  Stolwijk, 
eds.),  p.  562.  C.C.  Thomas,  Springfield,  Illinois. 

Carlisle,  H.J.  (1972).  Effect  of  preoptic  and  anterior 

hypothalamic  lesions  on  behavioral  thermoregulation  in 
the  cold.  J.  comp,  physiol.  Psychol.  64:391. 

Chai,  C.y.  and  Lin,  M.T.  (1973)  .  Effects  of  thermal  stimu¬ 
lation  of  medulla  oblongata  and  spinal  cord  on  decere¬ 
brate  rabbits.  J.  Physiol.  (London)  234:409. 

Chambers,  W.W.,  Seigel,  M.S.,  Lin,  J.D. ,  and  Lin,  C.N. 
(1974) .  Thermoregulatory  responses  of  decerebrate  and 
spinal  cats.  Exp.  Neurol.  42:282. 


Central  Nervous  Mechanisms  Regulating  Body  'n»mperature 


187 


Chappell,  M.A. ,  Calvo,  V.A.,  and  Heller,  H.C.  (1978).  Hypo¬ 
thalamic  thermosensitivity  and  adaptations  for  heat- 
storage  behavior  in  three  species  of  chipmunks  (Eutamias) 
J.  Comp.  Physiol.  125:175. 

Crawshaw,  L.I.,  Nadel,  E.R. ,  Stolwijk,  J.A.J.,  and  Stamford, 
B.A.  (1975) .  Effect  of  local  cooling  on  sweating  rate 
and  cold  sensation.  Pfliigers  Arch.  354:19. 

Graf,  R.  (1980) .  Simultaneously  activated  heat  gain  and 
heat  loss  mechanisms  in  pigeons.  Froc.  I.U.P.S.  14:442. 

Graf,  R.  and  Necker,  R.  (1979) .  Cyclic  and  non-cyclic  vari¬ 
ations  of  spinal  cord  temperature  related  with  ten^ser- 
ature  regulation  in  pigeons.  PflVigers  Arch.  380:215. 

Glotzbach,  S.F.  and  Heller,  H.C.  (1976).  Central  nervous 
regulation  of  body  temperature  during  sleap.  Science 
194:537. 

Hales,  J.R.S.  and  Hutchison,  J.C.D.  (1971).  Metabolic  res¬ 
piratory  and  vasomotor  responses  to  heating  the  scrotum 
of  the  ram.  J.  Physiol.  (London)  212:353. 

Hammel,  H.T.  (1965) .  Neurons  and  temperature  regulation. 
In  Physiological  Controls  and  Regulations  (W.S.  Yamamoto 
and  J.R.  Brobeck,  eds.),  p.  71.  W.B.  Saunders  Co., 
Philadelphia. 

Hammel,  H.T.  (1968) .  Regulation  of  internal  body  temper¬ 
ature.  Ann.  Rev.  Physiol.  30:641. 

Hammel,  H.T.,  Jackson,  D.C.,  Stolwijk,  J.A.J.,  Hardy,  J.D., 
and  Str^Jmme,  S.B.  (1963).  Temperature  regulation  by 
hypothalamic  proportional  control  with  an  adjustable  set 
point.  J.  Appl.  Physiol.  18:1146. 

Hammel,  H.T. ,  Eisner,  R.,  Heller,  H.C. ,  Maggert,  J.A. ,  and 
Bainton,  C.R.  (1977) .  Thermoregulatory  responses  to 
altering  hypothalamic  temperature  in  the  harbor  seal. 
Am.  J.  Physiol.  282:R18. 

Hardy,  J.D.  (1965) .  The  "set-point"  concept  in  physio¬ 
logical  temperature  regulation.  In  Physiological 
Controls  and  Regulations  (W.S.  Yamamoto  and  J.R.  Brobeck, 
eds.),  p.  98.  W.B.  Saunders  Co.,  Philadelphia. 

Helfmann,  W.,  Jannes,  P.,  and  Jessen,  C.  (1981).  Total  body 
thermosensitivity  and  its  spinal  and  supraspinal  frac¬ 
tions  in  the  conscious  goose.  Pfliigers  Arch.  391:60, 

Heller,  H.C  (1978).  Hypothalamic  thermosensitivity  in  mam¬ 
mals.  Experientia,  Suppl.  32:267. 

Heller,  H.C.,  Colliver,  G.W.,  and  Anand,  P.  (1974).  CNS 
regulation  of  body  temperature  in  enthermic  hibernators. 
Am.  J.  Physiol.  277:576. 

Heller,,  H.C.  and  Glotzbach,  S.F.  (1977).  Thermoregulation 
during  sleep  and  hibernation.  Jut.  Rev.  Physiol.  15:147. 


188 


H  Craig  Heller 


Heller,  H.C.  and  Henderson,  J.A.  (1976)  Hypothalamic  ther¬ 
mosensitivity  and  regulation  of  heat  storage  behavior  in 
a  day-active  desert  rodent  Ammospermophilus  nelsoni.  J. 
Comp.  Physiol.  108:255. 

Heller,  H.C.,  Walker,  J.M.,  Florant,  G.L.,  Glotzbach,  S.F., 
and  Berger,  R.J.  (1978) .  Sleep  and  hibernation;  elec- 
trophysiological  and  thermoregulatory  homologies.  In 
Strategies  in  Cold:  Natural  Torpidity  and  Thermogenesis 
(L.  Wang  and  J.  Hudson,  eds.),  p.  225.  Academic  Press, 
New  York. 

Hellstrj^m,  B.  and  Hammel,  H.T.  (1967)  .  Some  characteristics 
of  temperature  regulation  in  the  unanesthetized  dog.  Am. 
J.  Physiol.  213:547. 

Hensel,  H.  (1976) .  Functional  and  structural  basis  of  ther¬ 
moreception.  Prog,  in  Brain  Res.  43:105. 

Hensel,  H.  (1981) .  Thermoreception  and  Temperature  Regu¬ 
lation.  Academic  Press,  New  York. 

Iggo,  A.  (1969) .  Cutaneous  thermoreceptors  in  primates  and 
subprimates.  J.  Physiol.  (London)  200:403. 

Ingram,  D.L.  and  Legge,  K.F.  (1972).  The  influence  of  deep 
body  and  skin  temperatures  on  thermoregulatory  responses 
to  heating  of  the  scrotum  in  pigs.  J.  Physiol.  (London) 
224:477. 

Jessen,  C.  (1977) .  Interaction  of  air  temperature  and  core 
temperatures  in  thermoregulation  of  the  goat.  J. 
Physiol.  (London)  264:585. 

Jessen,  C.  (1981) .  Independent  clamps  of  peripheral  and 
central  temperatures  and  their  eftects  on  heat  production 
in  the  goat,  J.  Physiol.  (London)  311:11. 

Jessen,  C.  and  Mayer,  E.T,  (1971)  .  Spinal  cord  and  hypo¬ 
thalamus  as  core  sensors  of  temperature  in  the  conscious 
dog.  I.  Equivalence  of  responses.  Pfl'ugers  Arch. 
324:189. 

Keller,  A.D.  and  McClaskey,  E.B.  (1964) .  Localization,  by 
the  brain  slicing  method,  of  the  level  or  levels  of  the 
cephalic  brainstem  upon  which  effective  heat  dissipation 
is  dependent.  Am.  J.  Phys.  Med.  43:181. 

Kluger,  M. J.  (1979) .  Fever:  Its  Biology,  Evolution,  and 
Function.  Princeton  University  Press,  Princeton. 

Lipton,  J.M.  (1968) .  Effects  of  preoptic  lesions  on  heat 
escape  responding  and  colonic  temperature  in  the  rat. 
Physiol.  Behav.  3:165. 

Liu,  J.C.  (1979) .  Tonic  inhibition  of  thermoregulation  in 
the  decerebrate  monkey  {Saimiri  sciureus) .  Exp.  Neurol. 
64:632. 

Mercer,  J.B.  and  Jessen,  C.  (1978) .  Central  thermosensi¬ 
tivity  in  conscious  goats:  hypothalamus  and  spinal  cord 
versus  residual  inner  body.  Pfl'ugers  Arch.  374:179. 


Central  Nervous  Mechanisms  Regulating  Boc^  Temperature 


189 


Mercer,  J.B.  and  Jessen,  C.  (1980) -  Thermal  control  of 
respiratory  evaporative  heat  loss  in  exercising  dogs.  J. 
Appl.  PhysJol.  49:979. 

Mills,  S.H.  and  South,  F.E.  (1972).  Central  regulation  of 
tenperature  in  hibernation  and  normothermia .  Cryobiology 
5:393. 

Nadel,  E.R.,  Mitchell,  J.W.,  and  Stolwijk,  J.A.J.  (1973). 
Differential  thermal  sensitivity  in  the  human  skin. 
PflUgers  Arch.  340:71. 

Necker,  R.  (1972) .  Temperature-sensitivity  of  thermorecep¬ 
tors  and  mechanr  receptors  on  the  beak  of  pigeons .  J. 
Comp.  Physiol  87:279. 

Necker,  R.  (1977) .  Thermal  sensitivity  of  different  skin 
areas  in  pigeons.  J.  Comp.  Physiol.  116:239. 

Necker,  R.  (.1982)  .  Thermoreception  and  temperature  regula¬ 
tion  in  homeothermic  vertebrates.  Prog.  in  Sens. 
Physiol .  2:1. 

Rautenberg,  W. ,  Necker,  R. ,  and  May,  B.  (1972).  Thermoregu¬ 
latory  responses  of  the  pigeon  to  changes  of  the  brain 
and  spinal  cord  temperatures.  PflUgers  Arch.  338:1122. 

Rawson,  R.O.,  Stolwijk,  J.A.J. ,  Graichen,  H.,  and  Abrams,  R. 
(1965) .  Continuous  radiotelemetry  of  hipothalamic  tem¬ 
peratures  from  unrestrained  animals.  J.  Appl.  Physiol. 
20:321. 

Rawson,  R.O.  and  Quick,  K.P.  (1970) .  Evidence  of  deep-body 
thermoreceptor  response  to  intra-abdominal  heating  of  the 
ewe.  J.  Appl.  Physiol.  28:813. 

Riedel,  W. ,  Siaplauras,  S.,  and  Simon,  E.  (1973).  Intra¬ 
abdominal  thermosensitivity  in  the  rabbit  as  compared 
with  spinal  thermosensitivity.  PflUgers  Arch.  340:59. 

Sakaguchi,  S.,  Glotzbach,  S.F.,  and  Heller,  H.C.  (1979). 
Influences  of  hypothalamic  and  ambient  temperatures  on 
sleep  in  kangaroo  rats.  Am.  J.  Physiol.  237:1280. 

Satinoff ,  E.  (1978) .  Neural  organization  and  evolution  of 
thermal  regulation  in  mammals.  Science  201:16. 

Satinoff,  E.  and  Rutstein,  J.  (1970) .  Behavioral  thermo¬ 
regulation  in  rats  with  anterior  hypothalamic  lesions. 
J.  comp,  physiol.  Psychol.  71:77. 

Satinoff,  E.  and  Shan,  S.Y.Y.  (1971).  Loss  of  behavioral 
thermoregulation  after  lateral  hypothalamic  lesions  in 
rats.  J.  comp,  physiol.  Psychol.  77:302. 

Schmidt-Nielsen,  K.,  Schmidt-Nielsen,  B.,  Jarnum,  S.A. ,  and 
Houpt,  T.R.  (1957) .  Body  temperature  of  the  camel  and 
its  relation  to  water  econoit^.  Am.  J.  Physiol.  188:103. 

Sharp,  F.R.  and  Hammel,  H.T.  (1972).  The  effects  of  fever 
on  the  salivation  response  in  the  resting  and  exercising 
dog.  Am.  J.  Physiol.  223:77. 


190 


H.  Craig  Heller 


Simon,  E.  (1974) .  Temperature  regulation;  the  spinal  cord 
as  a  site  of  extrahypothalamic  thermoregrdatory  func¬ 
tions.  Rev.  Physiol.  Biochem.  Pharmacol.  71:2. 

Stitt,  J.T. ,  Hardy,  J.D.,  and  Stolwijk,  J.A.J.  (1974).  PGEj^ 
fever:  its  effect  on  thermoregulation  at  different  low 

ambient  tenperatures .  Am.  J.  Physiol.  227:622. 

Szymusiak,  R.  and  Satinoff,  E.  (1981).  toximal  REM  sleep 
time  defines  a  narrower  thermoneutral  zone  than  does 
minimal  metabolic  rate.  Physiol.  Behav.  26:687. 

Thauer,  R.  (1935) .  warmeregulation  und  FieberfShigkeit  nach 
operativen  Eingriffen  am  Nervensystem  homoiothermer 
Saugctiere.  PflUgors  Arch.  236:102. 

Thauer,  R.  and  Peters,  G.  (1938) .  warmeregulation  nach 
operativer  Ausschattung  des  "warmezentrums . "  PflMgers 
Arch.  239:483. 

Waites,  G.M  H.  (1962) .  The  effect  of  heating  the  scrotum  of 
the  ram  on  respiration  and  body  temperature.  Quart.  J. 
Exp.  Physiol,  and  Cogn.  Med.  Sci.  47:314. 

Walker,  J.M.  cuid  Berger,  R.J.  (1980) .  Sleep  as  an  adap¬ 
tation  for  energy  conservation  functionally  related  to 
hibernation  and  shallow  torpor.  Prog.  Brain  Res.  53:255. 

Wenger,  C.B.,  Roberts,  M.F.,  Stolwijk,  J.A.J. ,  and  Nadel, 
E.R.  (1976) .  Nocturnal  lowering  of  thresholds  for 
sweating  and  vasodilation.  J.  Appl.  Physiol.  41:15. 

Wyndham,  C.H.  and  Atkins,  A.R.  (1968).  A  physiological 
scheme  and  mathematical  model  of  ten^erature  regulation 
in  man.  Arch.  Ges.  Physiol.  303:14. 


iv. 

00 

o 

THERMAL  SENSATION:  INFRAR'jID  AND  MICROWAVES 

Joseph  C.  Stevens 

John  B.  Pierce  Foundation  Laboratory  and 
Yale  University 
New  Haven,  Connecticut 


The  number  of  studies  of  how  microwaves  arouse;  warmth 
sensations  can  be  counted  on  the  fingers  of  one  han^.  They 
leave  many,  many  unanswered  questions,  but  the  nature  of  the 
questions  to  be  asked  will  in  general  take  shape  in  the 
light  of  the  much  larger  amount  of  information  that^-'we  have 
about  the  perception  of  infrared  radiation .  So  main 
substance  of  this  paper  is  to  use  present  knowledge  -  to  help 
formulate  a  hypothetical  program  of  psychophysical  experi¬ 
ments  with  microwaves  that  will  take  account  of  the  main 
variables  that  determine  the  subjective  response,  — - 

One  importcint  question  concerns  what  levels  ot  power 
density  are  needed  to  trigger  a  just-detectable  sensation, 
i.e.,  what  is  the  absolute  threshold  of  warm*"  sensation  for 
microwaves  versus  infrared  radiation.  We  lall  see  below 
that  this  phrasing  of  the  question  is  deceptively  oversim¬ 
plified.  Nevertheless,  we  address  first  the  question  of  how 
infrared  and  microwave  thresholds  compare  when  measured  in 
the  same  subjects  under  comparable  test  procedures.  Two 
studies  give  first-order  answers  to  the  question.  Handler, 
Hardy,  and  Murgatroyd  (1963)  compared  thresholds  of  infrared 
and  3-cm  microwaves  for  a  37  cm^,  circular  area  of  the  fore¬ 
head.  Four  subjects  were  tested  by  a  variety  of  standard 
psychophysical  procedures,  including  the  classical  methods 
of  constant  stimuli  and  limits.  The  threshold  depended  on 
the  duration  of  the  stimulation  (the  shorter  the  stimula¬ 
tion,  the  higher  was  the  threshold).  At  all  durations,  how¬ 
ever,  the  microwave  thresholds  were  about  twice  as  high  as 
the  infrared  thresholds. 

The  second  study  (Justesen,  Adair,  Stevens,  and  Bruce- 
Wolfe,  1982)  employed  microwaves  of  12.4  cm  wavelength. 
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used  a  different  psychophysical  method,  the  double-staircase 
method  (Cor»;Pweet,  1D62) ,  and  stimulated  about  100  cm^  of 
the  forearm  for  10  sec  at  a  time.  (oix  subjects  were  tested 
with  microwaves,  but  because  of  constraints  of  time  only 
four  of  these  same  subjects  were  tested  with  infrared.)  On 
the  average  the  12. 4 -cm  microwave  stimulation  yielded  thres¬ 
holds  that  were  about  15  times  higher  than  the  infrared 
thresholds.  Hence  there  seems  little  doubt  that  the  warmth 
threshold  is  inversely  related  to  the  penetration  depth  of 
the  radiation. 


Seconds 

Figure  1.  Relative  threshold  povoi.  density  as  a  function 
ctiuiulus  duration,  comparing  microwave  and  infrared  sti;n- 
ulation.  The  relative  up-down  positions  of  the  two  func¬ 
tions  is  arbitrary  because  of  the  author's  uncertainty  of 
the  absolute  power  density  levels  employed  in  Eijkman  and 
Vendrik's  study.  However,  the  points  illustrated  here  have 
to  do  with  the  relative  shapes  of  the  two  functions,  and  it 
is  knc'.m  from  other  studies  (see  text)  that  microwaves  yield 
higher  thresholds  than  infrared. 


One  cannot  stress  too  much  that  the  understanding  of  the 
perception  of  radiation  of  any  kind  is  not  simply  a  matter 
of  what  level  of  stimulation  a  person  can  feel.  The  picture 
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is  far  more  complicated,  and  my  main  interest  in  the  paper 
is  to  try  to  convey  something  of  this  complexity.  Consider, 
for  exanple.  Figure  1  which  conpared  threshold  measurements 
of  infrared  by  Stevens,  Oculicz,  and  Marks  (1973)  with 
threshold  measurements  of  10-cm  microwaves  by  Eijkman  and 
Vendrik  (1961)  .  The  abscissa  is  the  duration  of  the  stim¬ 
ulus,  and  the  ordinate  is  the  relative  power  density  needed 
to  arouse  a  just-detectable  sensation.  The  absolute  up-down 
position  of  the  microwave  function  I  was  unable  to  determine 
with  certainty,  but  the  studies  just  detailed  above  suggest 
that  infrared  produces  lower  thresholds  than  microwaves. 

There  are  two  noteworthy  features  illustrated  by  the 
figure.  First,  the  threshold  of  power  density  depends  on 
the  duration  of  stimulation,  almost  (but  not  quite)  by  a 
reciprocity  (power  density  counts  slightly  more,  proportion¬ 
ally,  than  does  duration) .  This  phenomenon  is  called  tem¬ 
poral  summation,  a  psychophysical  property  exhibited  by  most 
of  the  hvunan  senses.  However,  this  near  complete  reciproc¬ 
ity  comes  rather  abruptly  to  a  halt  at  a  critical  duration 
beyond  which  duration  no  longer  matters.  This  is  in  itself 
remarkable  be-^ause  the  skin  temperature  continues  to  rise 
beyond  the  critical  duration.  A  second  noteworthy  feature 
is  the  difference  in  critical  duration  —  about  1  sec  for 
infrared  and  2.5  sec  for  microwaves.  It  will  be  interesting 
to  see  whether  this  difference  holds  with  more  extensive 
testing  and  whether  critical  duration  varies  systematically 
with  wavelength.  But  to  return  to  the  main  point:  whether 
or  not  one  detects  radiation  depends  nearly  as  much  on  dura¬ 
tion  as  on  power  density.  We  shall  see  later  that  the  same 
statement  could  be  made  of  stimulus  area,  body  region  stimu¬ 
lated,  conditions  of  adaptation,  and  in  all  likelihood  the 
wavelength  of  the  radiation. 

Absolute  thresholds  are  only  one  way  to  examine  the  sen¬ 
sory  effects  of  radiation.  One  might,  for  example,  want  to 
measure  difference  thresholds  or  what  percentage  increment 
to  any  given  level  of  microwaves  can  be  detected  by  the 
human  observer.  Analogous  measurements  made  with  infrared 
radiation  by  Herget,  Granath,  and  Hardy  (1941)  showed  that 
just-noticeably  to  increase  a  warmth  sensation  requires 
roughly  a  20%  stimulus  increment  on  the  forehead. 

Another  question  of  interest  is  the  relation  between  the 
magnitude  of  the  sensation  and  the  level  of  radiation  and 
other  variables.  One  way  to  assess  this  is  to  ha  a  subjects 
make  numerical  estimates  of  arrays  of  stimuli  that  vary  in 
level,  area,  duration,  etc.  Below  is  given  an  e35)licit 
illustration  of  this  method.  Still  other  measures  of  sen¬ 
sory  function  concern  the  latency,  both  of  onset  and  offset: 
of  sensation.  Observations  by  Handler,  Hardy,  and 
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Murgatroyd  (1963),  by  Schwan,  Anne,  and  Sher  (1966)  and  by 
Ju?tesen,  et  al.  (1982)  suggest  that  microwave  sensations 
yield  very  long  onset  and  offset  times  compared  with  infra¬ 
red. 

Variables  That  Affect  Temperature  Sensation.  I  wish  now 
to  review  some  of  the  parameters  of  stimulation  that  seem 
likely  to  play  key  roles  in  the  study  of  microwave-induced 
sensation.  One  obvious  variable  is  the  wavelength  of  the 
radiation.  Here  we  have  only  a  little  information.  Vendrik 
and  Vos  (1958)  reported  that  10-cm  waves  required  for  sen¬ 
sation  cibout  10  times  the  power  density  of  non-penetrating 
infrared  waves.  The  work  on  12-4-cm  waves  (Justesen,  et 
al.,  1982)  yie].ded  a  corresponding  ratio  of  roughly  15.  The 
less  penetrating  3-cm  waves  used  by  Hendler,  Hardy,  and 
Murgatroyd  (1963)  required  only  about  twice  the  levels  of 
infrared. 

I  have  already  touched  on  another  variable,  namely  dura¬ 
tion,  which  we  know  counts  heavily  for  both  microwaves  and 
infrared.  However,  the  data  in  Figure  1  are  restricted 
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Figure  2.  Showing  the  combinations  of  duration  and  power  '• 
density  (infrared)  that  produce  a  constant  threshold  and 
various  constant  warmth  levels  from  W6;ak  to  moderate.  ! 
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solely  to  absolute  thresholds,  and  it  turns  out  that  for 
infrared  the  ri.iles  of  temporal  summation  change  with 
increasing  levels  of  warmth  sensation.  Figure  2  shows  data 
of  Marks  and  Stevens  (1973) .  Each  contour  specifies  the 
combinations  of  power  density  amd  duration  that  cause  a 
constant  warmth  level.  Although  it  is  not  so  obvious  to  the 
naked  eye,  these  contours  tend  v'o  lose  slope  with  increasing 
warmth  level;  that  is,  duration  counts  proportionally  less 
and  less  than  power  density.  On  the  other  hand,  the  dura¬ 
tion  over  which  some  summation  can  taike  place  is  extended  to 
at  least  six  seconds.  Marks  aind  Stevens  argued  that  the 
heat  transfer  properties  of  the  skin  can  basically  explain 
the  nature  of  this  family  of  contours.  Similar  studies  of 
microwaves  could  provide  a  rich  source  of  information  to 
test  this  theory  further. 

An  even  more  injjortant  variable  is  the  areal  extent  of 
stimulation.  When  a  spot  of  radiation  is  enlarged  one  gen¬ 
erally  feels  a  greater  degree  of  warmth  level,  not  an 
increase  in  apparent  area.  This  property  is  called  spatial 
summation,  and  it  is  one  of  the  most  salient  features  of 
thermal  sensation.  In  contrast,  the  sense  of  vision  shows 
only  trifling  summation  compared  with  warmth  and  cold. 
Changing  the  size  of  a  spot  of  light  typically  leaves  the 
brightness  unchanged,  and  one  sees  instead  simply  an 
increase  in  the  perceived  area. 

The  rich  summation  of  the  thermal  senses  precludes  good 
spatial  acuity  and  localization  of  pure  thermal  sensations. 
Multiple  spots  of  radiation  usually  fuse  into  a  unitary  sen¬ 
sation  vaguely  localized.  Such  fusion  probably  takes  place 
in  the  central  nervous  system  because  two  spots  to  the 
extreme  sides  of  the  forehead,  for  example,  fuse  to  a  single 
sensation  vaguely  localized  near  the  midline.  Localization 
of  single  spots  is  characteristically  poor.  Cain  (1973) 
found  'that  people  often  even  confuse  stimulation  of  the 
front  and  back  of  the  torso,  the  typical  error  rate  running 
about  20%.  One  suspects  that  microwaves  will  prove  at  least 
as  difficult  to  localize  and  discriminate  spatially. 

There  are  alternative  ways  to  study  spatial  summation. 
The  first  real  quantitative  data  were  the  threshold  studies 
of  Hardy  and  Oppel  (1937) ,  and  these  have  been  confirmed  and 
extended  by  more  recent  investigations  (Kenshalo,  Decker, 
and  Hamilton,  1967;  Stevens,  Marks  and  Simonson,  1974). 
These  studies  show  that  in  all  regions  of  the  body,  power 
density  and  area  trade  by  a  near  reciprocity  to  produce  a 
just-detectable  sensation.  The  area  of  threshold  sunmation 
may  be  as  large  as  60  cm^  or  loore. 

As  was  true  for  tenporal  summation,  the  rules  of  spatial 
summation  change  as  the  criterion  warmth  level  changes  from 


196 


Joseph  C.  Stevens 


Figure  3.  Magnitude  estimation  of  warmth  aroused  by 
stimulating  various  areal  extents  of  the  back  with  various 
levels  of  infrared  power  density.  This  fcunily  of  functions 
is  fairly  well  described  by  straight  lines  in  log-log  coor¬ 
dinates,  and  they  are  therefore  power  functions  of  varying 
slopes. 


a  threshold  sensation  to  a  near  painful  level.  Stevens, 
Marks,  and  Simonson  (1974)  studied  these  rules  in  several 
regions  of  the  body.  The  procedure  was  to  present  various 
levels  of  radiation  to  various  areal  extents  of  the  skin. 
In  the  course  of  testing,  the  subjects  were  generally  una¬ 
ware  that  area  varied,  and  their  instruction  was  simply  to 
assign  numbers  to  the  apparent  warmth  level  experienced  in 
3-sec  exposures.  This  single  procedure  generates  data  like 
those  shown  in  Figure  3.  Here  i  •  j  sees  how  apparent  warmth 
level  grows  as  a  function  of  radiation  level.  There  are 
four  features  to  point  out.  (1)  The  thresholds  for  the 
small  areas  are  high,  but  above  threshold  warmth  grows  fast 
with  radiation  level,  i.e.,  the  functions  have  steep  slopes 
in  log- log  coordinates;  (2)  All  of  the  functions  converge  at 
the  threshold  of  thermal  pain  where  there  is  no  spatial  sum¬ 
mation;  (3)  For  any  given  radiation  level,  the  greater  the 
area  the  greater  the  warmth  experienced;  (4)  By  making  a 
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horizontal  cross-aection  through  these  functions  one  can 
specify  the  various  combinations  of  level  and  area  that  pro¬ 
duce  the  same  apparent  warmth  levels;  in  other  words,  one 
can  use  this  figure  to  generate  trade-off  functions  for  area 
and  level. 

Figure  4  shows  some  typical  trade-off  contours  for  the 
back.  We  see  here  that  at  low  warmth  levels  the  trade-off 
is  a  near-reciprocity .  With  increasing  level,  power-density 
comes  to  count  more  and  more  than  area,  although  the  area 
over  which  some  summation  can  occur  expands  to  include 


I 

Figure  4,  Showing  the  combinations  of  areal  extent  and 
infrared  power  density  that  produce  various  levels  of  con¬ 
stant  warmth  from  weak  (contour  marked  3)  to  strong  (contour 
marked  50)  •  The  dashed  line  represents  the  approximate 
thermal  pain  threshold  for  3-sec  e^^josures.  Ihe  squares 
were  generated  from  the  data  in  Figure  4,  the  circles  from 
an  earlier  similar  study  by  Stevens  and  Marks  (1971)  done  at 
a  different  time  of  year. 
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virtually  the  whole  back  of  the  torso.  At  the  pain  thres¬ 
hold,  spatial  summation  ceases  and  localization  improves. 
There  is  little  question  that  spatial  summation  will  also 
characterize  microwa/e  sensations,  so  one  must  be  on  guard 
against  talking  about  a  power  density  threshold,  for 
exaitple. 

Body  region  also  counts.  Figure  5  shows  the  level  of 
infrared  necessary'  to  produce  various  levels  of  warmth  sen¬ 
sation  from  weak  to  strong  (Stevens,  Marks,  and  Simonson, 
1974).  At  low  levels  the  face  is  the  most  sensitive  region, 
the  trmik  intermediate,  and  the  limbs  least  sensitive.  How¬ 
ever,  the  regions  become  more  uniformly  sensitive  at  higher 
warmth  levels.  Very  likely  microwaves  would  also  reflect 
these  regional  differences. 


Figur  -  5 .  Showing  the  infrared  power  density  needed  to 
arouse  the  same  warmth  levels  in  ten  regions  of  the  skin. 
The  contours  become  flatter  as  criter"  ’  warmth  varies  from 
weak  to  painful. 
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This  listing  of  relevant  parameters  is  not  meant  to  be 
exhaustive.  I  have,  for  example,  confined  myself  to  studies 
using  relatively  transient  stimulation  and  thereby  avoided 
the  complexities  of  thermal  adaptation.  It  is  commonplace 
in  thermal  psychophysics,  however,  that  sensations  aroused 
by  infrared  stimulation  or  by  contact  stimulation  tend  to 
fade  over  time.  There  is  every  reason  to  think  that 
microwave-induced  sensations  will  do  the  same.  In  fact, 
Justesen,  et  al,  (1982)  made  some  casual  observations  that 
resembled  adaptation.  The  problem  of  adaptation  may  turn 
out  to  have  a  central  role  in  understanding  the  behavior  of 
organisms  exposed  to  microwave  radiation  over  long  periods 
of  time.  I  have  also  left  out  of  discussion  potential  per¬ 
sonal  variables  such  as  age,  sex,  and  body  dimensions. 
Finally,  I  have  said  nothing  about  the  arousal  of  pain  by 
microwave  stimulation.  Cook  (1952)  measured  pain  thres¬ 
holds,  and  again  the  picture  appears  corm^lex  in  that 


Figure  6.  Showing  how  the  reaction  time  for  a  constant 
power  density  (infrared)  varies  as  a  function  of  five  dif¬ 
ferent  durations  and  two  areal  extents  of  the  forehead. 
Redrawn  from  Banks,  1976. 
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the  threshold  depends  not  only  on  power  density,  but  also  on 
duration  and  area  of  exposure. 

In  conclusion,  one  must  emphasize  that  the  three  most 
potent  variables  governing  warmth  sensation  appear  to  be 
power  density,  area,  and  duration.  These  three  can  be 
traded  one  for  another  to  produce  a  given  sensory  effect. 
As  a  final  example,  in  Figure  6  we  see  data  of  W.  P.  Banks 
(1976)  shovving  that  the  speed  of  reaction  (i.e.,  onset 
latency)  for  infrared  improves  with  both  the  duration  and 
area,  just  as  it  does  with  power  density.  In  other  words, 
onset  latency  is  related  to  spatial  and  temporal  summation. 
It  will  be  especially  interesting  to  learn  how  microwaves 
behave  in  this  respect,  both  as  regards  onset  and  offset 
latencies.  Casual  measurements  of  onset  latency  by 
Justesen,  et  al.  (1982)  came  to  about  3. 5-6.0  sec,  about  an 
order  of  magnitude  longer  than  onset  latencies  shown  in 
Figure  6.  In  Chapter  10  in  this  volume  D.  R.  Justesen  ex¬ 
plores  the  unfavorable  implications  of  these  long  latencies 
in  the  learning  of  escape  behavior  by  murine  organisms 
exposed  to  microwave  radiation.  The  long  offset  latencies 
observed  by  Hendler,  Hardy,  and  Murgatreyd  (1963)  and  by 
Justtesen,  et  al.  (1982)  are  also  of  interest  (a  kind  of 
"afterglow"  that  can  last  up  to  at  least  15  r.'ic)  .  In  con¬ 
trast,  infrared  sensations  extinguish  quite  abruptly  when 
stimulation  ceases. 

Although  it  is  at  presen-;  impossible  to  say  much  about 
thermal  sensations  aroused  by  microwaves,  it  is  doubtless 
expedient  that  any  future  psychophysical  programs  of  studies 
be  guided  by  past  ejqjerience  with  more  conventional  means  of 
thermal  stimulation.  Only  then  will  we  be  able  to  come  to 
grips  with  the  complexity  of  tha  problem  and  to  avoid  sim¬ 
plistic  generalizations  from  limited  kinds  of  testing. 
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INTRODUCTION 


My  intent  in  this  paoer  is  to  present  and  discuss  origi¬ 
nal  data  that  bear  on  a  seeming  paradox  in  mammalian  percep¬ 
tion  of  non-pulsatile  microwave  fields.  The  paradox  is 
related  to  the  sensory  dynamics  of  perception,  by  which  I 
mean  the  tenporal  and  spatial  characteristics  of  the  sensa¬ 
tions  of  warmth  that  attend  irradiation  at  levels  below  the 
threshold  of  pain.  First,  however,  a  reprise  of  pertinent 
data  is  needed  to  characterize  and  define  the  paradox. 

Absolute  thresholds  in  the  detection  of  microwave  irradi¬ 
ation  have  been  determined  for  human  observers  in  several 
formal  studies ,  all ' of  which  have  involved  short  exposures 
(<10  s)  of  the  body,  typically  of  a  circiunscribed  area  of 
the  forehead  or  forearm  (Vendrik  and  Vos,  1958;  Handler,  et 
al.,  1963;  Schwan,  et  ai.,  1966;  and  Handler,  1968;  see  also 
the  review  by  Michaelson,  1972,  and  the  discussion  by 
Stevens  in  Chapter  9).  In  most  studies,  thresholds  have 
been  couched  solely  in  terms  of  e;^osure  duration  and  of 
confjosite  strength  of  the  incident  field  (irradiance  in 
W/cm^) ,  although  indirect  measures  of  energy  absorption  in 
conjunction  witli  direct  measures  of  irradiance  have 
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recently  been  reported  (Justesen,  et  al.,  1982).  Collec¬ 
tively,  the  findings  from  the  cited  studies  indicate  that 
field  strengths,  latencies  to  detection,  and  quantities  of 
energy  absorbed  at  the  threshold  of  just-detectible  warming 
decrease  at  shorter  wavelengths.  For  example,  Hendler,  et 
al.  (1963)  found  that  a  4-s  e3q)osure  of  a  37-cm^  area  of  the 
forehead  to  a  3-GHz  field  required  a  mean  irradiance  of  33.5 
mW/cm^  at  the  warmth  threshold,  which  fell  to  12.6  mW/cm^  at 
10  GHz  and  to  4.2  mW/cm^  under  far-infraied  irradiation 
(>1000  GHz) .  Even  allowing  for  differential  scatter — about 
half  of  the  energy  in  a  3-GHz  or  10-GHz  plane-wave  field 
that  is  incident  on  the  human  body  is  not  absorbed  (see, 
e.g.,  Schwan,  1970),  while  far  infrared  waves  are  virtually 
perfectly  absorbed  (Hendler,  et  al.,  1963;  Justesen,  et  al., 
1982) — it  is  apparent  that  greater  quantities  of  the  more 
deeply  penetrating  microwave  energy  are  required  to  elicit  a 
sensation  of  warmth.  The  greater  depth  of  penetration  b^ 
fields  of  longer  wavelength  is  tantamount  to  a  lower  energy 
density  per  absorbed  photon  in  the  superficial  layers  of  the 
skin  that  contain  the  thermal  receptors.  If  some  finite  AT 
(or  if  some  finite  rate  of  increasing  temperature)  is 
required  to  excite  a  superficial  thermal  receptor,  a  greater 
quantity  of  the  more  deeply  penetrating  and  more  diffusely 
absorbed  energy  will  be  required  to  hyperthermalize  the  tis¬ 
sue  that  shelters  the  receptor. 

The  data  of  Justesen,  et  al .  (1982),  which  are  based  on 
10-s  exposures  of  uhe  human  forearm  (average  area  107  cm^)  , 
indicate  that  energy  dosages  near  10  joules  (*^90  mJ/cm^)  of 
2450-MHz  energy  and  near  2  joules  ('V20  mJ/cm^)  of  far- 
infrared  energy  were  required  to  elicit  a  sensation  of 
warmth.  Strictly  comparable  data  on  absorbed-energy  thres¬ 
holds  of  detection  by  infrahuman  subjects  do  not  exist 
because  of  marked  differences  in  relative  surface  areas  of 
exposed  tissue.  For  example.  King,  et  al  (1971)  found  that 
whole-body  exposures  of  the  adult  male  rat  to  a  2450-MHz 
multi -path  field  required  an  energy  dosage  approximating  14 
joules  to  promote  a  threshold  level  of  detection.  As 
another  example,  Adair  and  Adams  (1980) ,  during  unrestric¬ 
ted,  plane-wave  exposures  of  squirrel  monkeys  to  a  CW 
2450-MHz  field,  obtained  evidence  of  a  power-density  thres¬ 
hold  of  detection  near  7  mW/cm^  (for  a  10-min.  duration  of 
exposure) ,  which  extrapolates  to  a  whole-body  energy  dosage 
approximating  10  joules  (see  Chapter  18  for  a  detailed  dis¬ 
cussion  of  data  from  infrahuman  studies) . 

The  paradox  associated  with  perception  of  non-pulsatile 
microwaves  inheres,  on  the  one  hand,  in  the  ease  with  which 
human  observers  and  infrah’jman  subjects  detect  the  presence 
of  a  relatively  weak  field  and,  on  the  other  hand,  in  the 
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difficulty  that  murine  animals  encounter  in  attenpting  to 
escape  from  a  potentially  lethal  field  (Carroll,  et  al . , 
1980;  Levinson,  et  al . ,  1981,  1982).  Rats  exposed  ad  libi¬ 
tum  in  a  918-MHz  multi-mode  cavity  to  fields  that  resulted 
in  a  whole-body-averaged  dose  rate  (D  of  60  mW/g  could 
attenuate  or  extinguish  the  field  simply  by  moving  into  and 
remaining  in  a  well-demarcated  safe  area,  which  bordered  the 
rear  wall  of  the  cavity  and  coitprised  25%  of  the  area  of  its 
false  floor  of  Plexiglas.  Although  the  rats  frequently  en¬ 
tered  and  left  the  safe  area,  thereby  frequently  extinguish¬ 
ing  and  reactivating  the  field,  they  exhibited  virtually  no 
evidence  of  escape  learning — as  defined  by  cui  increasing 
habitation  of  the  safe  area — unless  provided  auxiliary  cue¬ 
ing  by  a  photic  stimulus,  i.e.,  by  a  house  light  synchron¬ 
ized  to  illuminate  during  periods  of  the  behaviorally 
contingent  irradiation  (Levinson,  et  al.,  1982).  In  con¬ 
trast,  rats  moti\ated  solely  by  faradic  shock  to  the  feet 
rapidly  learned  the  same  sinple  escape  response.  The  fail¬ 
ure  of  irradiated-but-uncued  rats  to  learn  an  escape 
response  would  have  had  a  lethal  outcome  had  not  a  2-min. 
interval  of  surcease  intervened  between  each  of  five,  2-min. 
periods  of  available  irradiation  (Carroll,  et  al.,  1980). 

These  observations  of  rat  behavior  give  rise  to  the  ques¬ 
tion:  If  the  animal  can  detect  warming  by  a  field  that 
imparts  energy  at  a  whole-body  averaged  rate  near  600  pW/g 
(King,  et  al.,  1971),  why  doesn’t  it  take  refuge  from  a 
field  that  is  depositing  energy  in  its  body  at  a  rate  that 
is  a  hundredfold  higher  and  that  exceeds  the  resting  meta¬ 
bolic  rate  by  more  than  tenfold?  That  is  the  paradox.  One 
likely  possibility  relates  to  the  factor  of  thermal  inertia. 
Hendler,  et  al.  (1963)  and  Schwan,  et  al.  (196G)  reported 
that  detection  latencies  of  part-body  warming  under 
moderate-to-intense  microwave  fields  (to  ''^75  mW/cm^)  by 
human  observers  sometimes  extended  to  tens  of  seconds;  more¬ 
over,  the  sensation  of  warmth  often  persisted  for  tens  of 
seconds  to  minutes  after  extinction  of  the  field.  Since 
rapid  escape  learning  requires  a  close  temporal  contiguity 
between  the  act  of  escaping  and  the  cessation  of  annoying  or 
painful  stimulation,  it  is  quite  possible  that  the  rats  of 
Carroll,  et  al.  (1980)  and  of  Levinson,  et  al.  (1982)  read¬ 
ily  perceived  and  were  discomfited  by  excessive  warming  but, 
given  its  persistence,  were  unable  to  associate  an  adaptive 
locomotor  response  with  extinction  of  t.ie  field.  The  assay 
of  detection  used  by  King,  et  al.  (1971),  conditional  sup¬ 
pression  (Estes  and  Skinner,  1941) ,  did  not  require  a 
rapidly  discerned  onset  of  sensation.  The  field  was  pre¬ 
sented  aperiodically  for  relatively  lengthy  (60-s)  periods, 
served  as  a  conditional  stimulus  that  warned  of  impending 
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shock  to  the  feet,  and  evuntually  resulted  in  learned  sup¬ 
pression  of  operant  behavior,  which  was  the  criterion  of 
detection.  Also,  the  foot  shock  was  brief  (<1  s)  and  pro¬ 
vided  a  highly  salient  signal  that  a  period  of  warning 
stimulation  was  concluded. 

Another,  non-exclusive  possibility  in  the  rats'  failure 
to  escape  attaches  to  the  factor  of  state  dependence.  An 
abundcince  of  data  confirms  defects  of  memory — specifically, 
of  memory  retrieval — in  emimals  after  they  have  learned  to 
perform  a  response  under  one  physiological  state  and  then 
are  tested  for  retention  under  another  state  (Overton,  1964; 
Nielson,  1968;  Nielson,  et  al.,  1968).  For  exan^le,  rats 
well  trained  to  make  an  avoidance  response  failed  selec¬ 
tively  to  manifest  it  when  lightly  dosed  with  chlordiazepox- 
ide  (Sachs,  et  al.,  1966).  It  follows  that  if  incorporation 
of  a  drug  cein  selectively  inhibit  retrieval  of  a  learned 
response,  a  rapid,  systemically  pervasive  increase  of  tem¬ 
perature  might  create  a  succession  of  differing  internal 
states  that  could  defeat  or  obtund  learning  or  retention 
(Jacobs  and  Sorensen,  1969;  Misanin,  et  al.,  1979). 

Yet  another  and  still  non-exclusive  possibility  attaches 
to  the  factor  of  thermal  preference.  The  e^qperimental  psy¬ 
chologist  has  embraced  the  rat  for  its  docility,  availabil¬ 
ity,  cind  ease  of  upkeep  but,  cavalierly  in  return,  has 
usually  maintained  it  in  an  environment  preferred  by  psy¬ 
chologists,  not  by  the  rat.  Homo  sapiens'  preferred  ambient 
temperature  lies  near  24  °C,  that  of  domesticated  Rattus 
norvegicus,  near  28  °C  (Hardy,  1970;  Murgatroyd  and  Hardy, 
1970;  Altman  and  Dittmer,  1968).  Is  it  not  possible  that 
the  rat  in  an  environment  a  few  degrees  too  cool  for  comfort 
will  initially  enjoy  the  warming  afforded  by  an  intense 
microwave  field?  If  sc,  an  eventual  shift  from  comfortable 
to  uncomfortable  levels  of  warming  could  make  for  a  confus¬ 
ing  wrinkle  in  the  sensory  dynamics  attendant  to  continued 
irradiation.  Stated  differently,  the  cognitive  apparatus  of 
the  rat  or  of  any  mammal  may  be  taxed  in  discerning  the  con¬ 
nection  between  a  little  of  something  that  feels  good  and 
more  of  the  same  thing  that  eventually  feels  bad  (Cabanac, 
et  al.,  1968;  Cabanac,  1971). 

Along  with  other  concerns,  the  factors  of  thermal  iner¬ 
tia,  state-dependent  memory,  and  shifting  hedonic  tone  led 
me  and  my  colleague,  Daniel  Levinson,  to  embark  three  years 
ago  on  a  long-term  multifactorial  study  of  murine  escape 
behaviors.  Gender,  species  (rat  vs.  mouse),  regimen  (adven¬ 
titious  acquisition  vs.  successive  approximation) ,  field 
condition  (plane-wave  vs.  multi -path,  carrier  frequency, 
modulation,  and  dose  rate),  environment  (lew,  moderate,  and 
high  ambient  tenperatures  and  air  velocities) ,  training 


Sensory  Dynamics  of  Intense  Microwave  Irradiation 


207 


schedule  (massed  vs.  spaced  trials),  auxilliary  cueing  (pho¬ 
tic  vs.  acoustic  stimulation),  and  task  difficulty  are  among 
the  variables  of  interest.  In  this  paper,  I  shall  recount 
some  findings  from  a  still  largely  unfinished  effort;  col¬ 
lectively,  the  findings  shed  some  light  on  the  variables  of 
species,  field  intensity,  schedule,  training  regimen,  and 
difficulty  of  task. 


EXPERIMENT  I 
Materials  and  Methods 

Fourteen  adult  female  rats  of  the  Long-Evans  strain  (Blue 
Spruce  Farms,  Altamont,  New  York)  and  24  adult  male  mice  of 
the  CFl  strain  (Harlen  Sprague-Dawley  Conpany,  Madison, 
Wisconsin)  served  as  subjects.  They  were  maintained  in  sep¬ 
arate  vivaria  of  the  Kansas  City  VA  Medical  Center  under  the 
following  conditions:  ambient  temperature,  22  ±2  “C;  hous¬ 
ing,  mice  group  caged,  rats  individually  caged;  and  food, 
all  cinimals  had  ad  lib.  access  to  Purina  Lab  Chow  and  water 
in  the  home  cage.  The  daily  light-dark  cycle  was  12/12  h 
(lights  on  at  0600  h) . 

Two  false  floors  of  opaque,  white  Plexiglas  (Figure  1) 
and  identical  dimensions  (4S.6-cm  wide  x  35.7-cm  deep  x 
0.6-cm  thick)  were  used  interchangeably  in  the  2450-MHz, 
Tappan-R3L  multi-mode  cavity  described  by  Justesen,  et  al. 
(1971a) .  Each  floor  was  inscribed  with  a  circular  safe  area 
formed  by  a  1-cm-wide  border  of  black-plastic  tape.  The 
circle's  diameter  was  22.75  cm  and  was  centered  on  and  com¬ 
prised  25%  (M07  cm^)  of  the  floor’s  total  surface.  One  of 
the  floors  contained  a  grid  of  conductive  silver  paint,  vir¬ 
tually  white  in  hue ,  by  which  nonavoidable  faradic  shock 
could  be  applied  to  the  feet  and  tail  (Justesen,  et  al., 
1971b;  Carroll,  et  al . ,  1980).  The  other  floor  was  inscribed 
only  with  the  black-bordered  circle  and  was  used  exclusively 
with  animals  exposed  to  microwave  irradiation.  The  layout 
of  the  two  floors,  because  the  safe  area  was  in  the  center, 
constitutes  the  most  difficult  task  used  to  date  in  my  lab¬ 
oratory  in  studlrc  of  escape  learning  by  mice  and  rats. 

Calorimetric  dosimetry  was  performed  on  Styrofoam- 
insulated,  40-  and  300-g  models  of  water  according  to  the 
procedure  of  Justesen,  et  al.  (1971a).  When  an  animal  of  a 
given  mass  was  irradiated,  available  energy  in  the  cavity 
V7as  adjusted  to  result  in  a  D  of  60  or  120  mW/g  (±10%)  . 
Excitation  and  extinction  of  the  field  was  controlled  by 
manual  depression  and  release  of  a  microswitch  by  an  inves¬ 
tigator,  operation  of  which  simultaneously  resulted  in 
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Figure  1.  Overhead  drawing  of  a  rat  on  a  false  floor  of 
white,  opaque  Plexiglas,  which  was  installed  in  a  2450-MHz 
multi-mode  cavity.  The  black-bordered  circle  enclosed  the 
safe  area,  entry  into  which  by  a  rat  or  mouse  resulted  in 
cessation  of  microwave  irradiation  or  of  faradic  footshock. 
Exit  from  the  safe  area  resulted  in  immediate  reintroduction 
of  irradiation  ox  shock.  IVo  interchangeable  floors  were 
used;  one  contained  a  grid  of  silver  paint,  which  was  used 
to  apply  faradic  shock  to  active-control  animals. 


displacements  of  a  pen  of  a  20-pen  event  recorder 
(Esterline-Angus  Mode 1- AW) .  The  microswitch  was  also  used 
to  ini.tiate  and  terminate  faradic  shock  (at  levels  between 
150  and  300  pA  rms)  during  trials  involving  active-control 
animals.  Periodically,  a  second  microswitch  was  independ¬ 
ently  operated  by  a  second  investigator  to  provide  a  measure 
of  inter-observer  reliability.  Movements  of  an  animal  with¬ 
in  the  cavity  were  easily  viewed  through  a  radiopaque 
grille,  and  independently  recorded  entries  to,  durations 
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within,  and  exits  from  the  safe  area  all  yielded  reliabil¬ 
ities  (Pearson  product-moment  rs)  approaching  unity. 


Procedure 

Mice  and  rats  were  measured  daily  for  body  mass  on  a 
Mettler  ilodel-Pl210  analytic  balance  and  then  were  individ¬ 
ually  placed  on  the  floor  of  the  cavity  (Fig.  1)  for  a 
15-min.  session  per  day  either  until  completion  of  a  6-day 
sequence  of  sessions  or  until  they  expired  frcm  hyperther¬ 
mia.  The  rats'  body  masses  averaged  246  (±15.7  SD)  g;  the 
mice,  39.2  (±2.1  SD)  g  at  initiation  of  experimentation. 
During  the  first  day,  baseline  frequencies  of  entry  to  the 
safe  area  and  times  spent  therein  were  recorded.  During  the 
sessions  of  days  2,  3,  4,  and  5,  irradiation  or  farad’ c 
shock  was  continuously  presented  unless  an  animal  entered 
and  remained  in  the  safe  area;  irradiation  or  shock  resumed 
immediately  upon  an  animal's  exit.  Entry  was  defined  as 
movement  of  the  animal's  head  across  the  border  of  the  safe 
area;  conversely,  an  exit  was  defined  as  movement  of  the 
head  across  the  border  into  the  unsafe  area.  During  day  6, 
irradiation  or  faradic  shock  was  withheld;  occupancy  time  in 
the  safe  area  on  that  day  provided  a  measure  of  resistance 
to  extinction.  Across  the  six  days,  ten^^eratures  in  the 
cavity  ranged  between  22  and  25  "C  (relative  humidity,  50 
±10%) ,  and  the  spatially  averaged  flow  of  air,  ar  measured 
by  a  Kurz  Model-441-M  air-velocity  meter,  was  0.1  m/s.  Ten 
rats  and  20  mice  were  exposed  to  microwaves;  four  of  each 
species,  to  faradic  shock.  The  experiment  was  conducted  in 
two  segments.  During  the  first  segment,  in  which  10  mice 
and  10  rats  were  individually  subjected  to  irradiation  at  60 
mW/g,  outcomes  dictated  the  need  for  an  additional  group  of 
mice.  Ten  additional,  experimentally  naive  mice  were  sub¬ 
jected  to  irradiation  at  120  mW/g.  Active  controls — animals 
motivated  by  faradic  shock — numbered  four  mice  and  four  rats 
and  were  also  observed  at  this  time. 


Results  and  Discussion 

The  data  are  summarized  in  Table  1  and  Figure  2.  Table  1 
presents  means  of  the  frequencies  with  which  mice  and  rats 
entered  the  safe  area  during  baseline  measures  (day  1) ,  dur¬ 
ing  sessions  in  which  microwave  irradiation  or  faradic  shock 
was  terminated  each  time  an  animal  entered  the  safe  area 
(days  2  through  5) ,  and  during  tka  final  session  of  day  6  in 
which  resistance  to  extinction  was  measured.  The  entry 


I 

I 


SeiuKMy  Dynamics  of  Intansa  MIcrawava  Irradiation 


211 


(  BASELINE  )  (  EXT. 

15 -MIN.  SESSIONS 


Figure  2.  Experiment  I:  Mean-percent  cumulative  time 
spent  by  rats  and  mice  in  the  Knf-e  area  of  a  multi-mode  cav¬ 
ity  during  a  succession  of  six  15-min.  sessions  per  animal 
under  baseline  (day-1) ,  stimulation  {day-2  through  day-5) , 
and  extinction  (day-6)  conditions.  Four  rats  and  four  mice 
(open  bars)  were  reinforced  upon  entry  to  the  safe  area  by 
cessation  of  faradic  shock.  Each  of  ten  rats  and  ten  mice 
was  reinforced  upon  entry  by  cessation  of  microwave  irradia¬ 
tion  at  60  mW/g;  ten  mice  of  another  group  were  reinforced 
by  cessation  of  irradiation  at  120  mW/g  (hatched  bars) .  All 
of  the  rats  and  two  of  the  mice  dosed  at  60  mW/g  expired,  as 
did  all  mice  dosed  at  120  mW/g. 


datvnn  recorded  in  Teible  1  is  not  a  measure  of  escape  learn¬ 
ing  but  indexes  pertinent  locomotor  activity;  unless  an 
animal  entered  the  safe  area  there  was  no  opportunity  for 
negative  reinforcement  by  surcease  of  annoying  stimulation. 
The  mean  nvutibers  of  entries  associated  with  initial  explora¬ 
tion  (day  1)  were  reliably  different  among  the  five  groups 
of  cinimals  (F  =  4.01;  at  4  and  33  df.,  P<.05)  but  were  much 
more  uniform  during  day  2  when  irradiation  or  shock  was 
first  presented  (F  =  0.73;  at  4  and  33  df.,  P  >.10).  Ani¬ 
mals  of  all  groups  exceeded  a  mean  of  four  reinforced 


212 


Don  R.  Justesen 


entries  during  the  first  session  of  encounter  with  shock  or 
radiation  (day  2) . 

The  measure  of  escape  learning  by  groups  of  animals, 
which  is  the  mean  percentage  of  cumulative  time  spent  per 
session  in  the  safe  area,  is  plotted  in  Fig.  2.  Baseline 

mesins  of  occupancy  time  were  low  in  animals  of  all  five 
groups,  reuiging  from  1  to  5%.  Analysis  of  variance  revealed 
a  moderate  but  relieible  difference  among  these  means 
(F  =  4.83;  at  4  and  33  df.,  P<.05) .  The  shocked  animals 

rapidly  mastered  the  escape  task  and,  although  mice  lagged 
somewhat  behind  rats  during  the  first  two  sessions,  near- 
complete  avoidance  of  shock  was  demonstrated  by  animals  of 
both  species  by  the  third  eind  fourth  sessions.  In  contrast, 
reliable  evidence  of  escape,  which  was  assessed  by  comparing 
baseline  times  of  occupancy  in  the  safe  area  with  times  dur¬ 
ing  sessions  of  irradiation,  was  not  demonstrated  by  any 
group  of  irradiated  animals  during  any  session  (all  Fs  ''^l.O, 
all  Ps  >  .10) . 

The  failure  of  rats  to  escape  from  irradiation  at  60  mW/g 
is  associated  with  a  high  incidence  of  lethality;  all  ten 
animals  expired  during  the  first  session  of  exposure.  Med¬ 
ian  time  to  cessation  of  a  grand'-mal  convulsion,  which  was 
observed  in  all  ten  rats,  if  593  seconds.  The  whole-body- 
averaged  dose  of  energy  (D)  associated  with  this  median, 
35.6  J/g,  doubtless  overestimates  the  median  lethal  dose 
since  termination  of  irradiation  at  onset  of  a  grand-mal , 
microwave- induced  convulsion  is  associated  with  a  high  inci¬ 
dence  of  lethality  (Justesen,  et  al.,  1977;  Justesen,  1979). 
The  failure  of  mice  to  escape  from  irradiation  at  60  mW/g  is 
not  associated  with  large-scale  lethality;  only  two  of  ten 
animals  expired,  one  during  the  second  session  of  irradia¬ 
tion,  one  during  the  fourth.  Scrutiny  of  individual  occu¬ 
pancy  times  revealed  two  mice  that  respectively  spent  25  and 
52  percent  of  their  time  in  the  safe  area  during  the  fourth 
and  final  session  of  irradiation  as  compared  with  a  mean  of 
4.8%  for  the  remaining  survivors.  Whether  the  two  higher 
percentages  represent  chance  variation,  indications  of  early 
acquisition,  or,  perhaps,  evidence  of  behavioral  thermoreg¬ 
ulation,  were  uncertainties  that  dictated  the  decision  to 
subject  another  10  mice  to  irradiation  at  120  mW/g. 

Nine  of  the  ten  mice  irradiated  at  120  mW/g  convulsed  and 
died  during  the  first  session  of  irradiation.  The  medium 
time  to  cessation  of  convulsions,  which  were  observed  in  all 
nine  mice,  is  346  seconds,  wh'ch  yields  an  average  (supra- 
lethal)  dose  of  41.5  J/g.  The  tenth  mouse  expired  during 
the  second  session  of  ejqjosure,  after  242  seconds.  The 
energy  dose  was  29  J/g. 
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That  intense  emd  seldom-mitigated  energy  dosing  at  a  rate 
of  60  mW/g  was  fatal  for  all  ten  Long-Evans '  re.ts  but  for 
only  two  of  ten  CFl  mice  presumably  reflects  the  greater 
surface-area  to  body-mass  ratio  of  the  smaller  species, 
i.e.,  the  greater  surface  area  affords  more  efficient  dissi¬ 
pation  of  thermalized  energy  to  a  cooler  surround.  This 
interpretation  conports  with  the  findings  of  Monahan  emd  Ho 
(1977a,  1977b)  who  found  that  female  CFl  mice  at  ambient 
teirperatures  of  20  to  25  "C  survived  continuous,  15-  to 
20-min.  exposures  in  "i  waveguide  to  2450-MHz  fields  at  a  D 
that  rcinged  as  high  as  65  mW/g.  A  mitigating  factor  that 
doiabtless  aided  survival  of  these  mice  was  the  relatively 
high  velocity  (>1  m/s)  of  air  that  flowed  through  the 
authors '  waveguide-eaqiosure  system. 

The  day-6  measure  of  resistance  to  extinction  yielded 
some  interesting  findings.  All  four  of  the  previously 
shocked  rats  spent  100%  of  their  time  in  the  safe  area  com¬ 
pared  with  cui  average  of  78%  by  the  previously  shocked  mice. 
These  high  percentages  indicate  that  the  escape-response 
habit  was  well  established,  albeit  reliably  more  strongly  in 
the  rats  (P«.01,  non-overlapping  distributions).  The  eight 
surviving  mice  that  had  been  subjected  to  irradiation  at  60 
mW/g  spent  an  average  of  2.7%  of  their  time  in  the  safe  area 
during  the  extinction  measure.  When  compared  with  the  mean 
of  the  animals'  control  (baseline)  percentages  of  day  1, 
1.6%,  the  difference  failed  to  depart  from  chance  (t  -  0.7; 
at  7  df . ,  P  >.10).  The  mouse  that  had  spent  52%  of  its  time 
in  the  safe  area  during  its  final  session  of  irradiation, 
spent  19%  of  its  time  in  the  safe  area  during  the  extinction 
session.  This  percentage  does  represent  a  relatively  size¬ 
able  increase  over  the  animal's  control  baseline  of  1.4%  and 
may  represent  an  isolated  case  of  escape  learning. 

Tenperatures  of  the  38  animals  were  not  measured  (because 
of  the  potential  confounding  effects  on  memory  when  manual 
handling  is  conjoined  with  intense  microwave  irradiation 
[Bryan,  1966]),  but  the  behavior  of  irradiated  animals  is 
fully  compatible  with  the  supposition  of  hyperthermaliza- 
tion.  After  a  period  of  intense  exploratory  activity,  an 
irradiated  mouse  or  rat  would  spread  saliva  on  its  pelt, 
urinate,  and  become  prostrate.  Grand-mal  convulsions  were 
observed  in  all  animals  that  expired.  All  of  the  irradiated 
animals  that  survived  were  palpably  warmer  upon  removal  from 
the  cavity  than  they  were  just  prior  to  irradiation. 

Oddly  enough,  but  fully  in  keeping  witn  prior  observa¬ 
tions  of  the  rat  in  my  laboratory  (see,  e.g.,  Bermant,  et 
al.,  1979;  Carroll,  et  ai.,  1980),  not  one  mouse  that  sur¬ 
vived  a  previoiTS  session  of  irradiation  exhibited  aggressive 
behavior  upon  being  returned  to  the  cavity;  in  contrast. 
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all  mice  and  rats  that  had  been  st±)jected  to  faradic  shock 
had  to  be  handled  carefully  to  prevent  them  from  escaping 
from  or  biting  the  hands  of  the  experimenter.  Either  or 
both  of  two  possibilities  could  explain  the  absence  of  aver¬ 
sive  and  agonistic  behaviors  in  the  animal  with  a  history  of 
intense  irradiation:  analgesia  and  amnesia.  Elevation  of 
body  ten^erature  is  reciprocally  associated  with  elevation 
of  circulating  endorphins  (Millan,  et  al,,  1981),  the 
presence  of  which  is  associated  with  obtunding  of  pain 
(Terenius,  1978).  Amnesia  or  analgesia  borne  of 
temperature-dependent  changes  of  internal  chemistry  might 
therefore  ei^lain  the  failure  of  animals  to  learn  the  escape 
response  during  repeated  sessions  of  irradiation.  Indeed, 
it  is  tempting  to  speculate  that  a  state-dependent  retro¬ 
grade  amnesia  akin  to  that  induced  by  electroconvulsive 
shock  or  febrile  convulsions  was  operating  (Bryan,  1966; 
Murphy,  et  al.  ,  1967;  Oke,  et  al.,  1974;  Lovely,  et  al., 
1978;  Guy,  &  Chou,  1982).  If  an  intense  but  subconvulsive 
dose  of  microwave  irradiation  also  results  in  retrograde 
amnesia,  every  visit  to  the  cavity  might  be  lost  to  the 
animal's  memory.  Alternately,  given  the  difficult  task — for 
the  positively  thygmotactic  animal — of  abandoning  the  peri¬ 
phery  of  the  cavity  to  enter  the  open  area  of  the  circle 
might  have  conduced  to  immobilization  borne  of  learned  help¬ 
lessness  (Maier,  et  al.,  1969).  Immobilization  would  be 
associated  with  reduced  metabolic  activity,  which  could,  at 
least  for  the  mouse,  be  the  lower  margin  of  total  energy 
production  that  afforded  survival. 

None  of  the  shocked  animals  exhibited  immobilization.  A 
recent  report  by  Bermant,  et  al.  (1979)  revealed  that  rats 
developed  high  but  stable  colonic  ten5)eratures  near  39  ®C 
simply  on  being  brought  into  a  laboratory  that  housed  the 
cavity  in  which  they  had  been  subjected  to  repeated  faradic 
shock.  This  stable,  locale-dependent  rise  of  temperature  in 
rats  after  exposure  to  electric  shock  has  also  been  reported 
by  Delini-Stula  (1970)  and  could  be  a  potent  factor  in 
facilitating  retrieval  of  memory.  One  might  be  dealing  with 
a  literal  as  well  as  figurative  "warm-up"  phenomenon.  That 
is,  if  memory  is  dependent  on  body  tenperature ,  retention 
will  be  most  nearly  intact  when  the  temperature  is  the  same 
under  conditions  of  original  learning  and  later  measures  of 
retention.  Learning  to  escape  from  and  to  avoid  shock  would 
be  accomplished  much  more  rapidly  therefore  at  the  same  ele¬ 
vated  body  temperature  than  would  learning  in  which  tempera¬ 
ture  is  constantly  rising — is  constantly  changing  the  body's 
physical  and  physiological  state.  It  follows  that  faradic 
shock  as  a  negative  reinforcer  might  be  less  effective  in 
promoting  learning  of  an  escape  response  if  an  animal  were 
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sxjbjected  concurrently  to  intense  microwave  irradiation.  It 
also  follows  that  if  the  irradiated  rat  were  able  to  utilize 
early,  acceptcible,  even  preferred  levels  of  warming  as  a  cue 
that  predicts  later,  excessive  wanning,  it  might  establish  a 
regulated  steady-state  temperature,  mediated  behaviorally , 
by  alternately  escaping  from  and  re-entering  an  otherwise 
eventually- lethal  field. 

My  colleagues  and  I  have  yet  to  use  the  microwave  field 
to  alter  the  thermal  state  of  shock-motivated  animals,  but 
there  are  preliminary  findings  that  bear  on  the  steady-state 
hypothesis  (see  E:^eriment  II  below) . 

The  results  of  Experiment  I  demonstrated  unequivocally 
that  experimentally  naive  mice  and  rats  under  cm  ad  libitum 
regimen  do  not  quickly  learn  to  escape  from  an  intense, 
potentially  lethal,  multi-path  field  at  2450-MHz.  These 
results  confirm  and  extend  earlier  studies  of  rats  subjected 
to  intermittent  bouts  of  irradiation  at  60  mW/g  in  the 
multi-path  field  of  a  918-MHz  cavity  (Carroll,  et  al.,  1980; 

Ljvinson,  et  al. ,  1982).  In  addition  to  the  difference  in 
carrier  frequencies,  there  are  procedural  differences  be¬ 
tween  the  present  and  earlier  studies  that  are  worthy  of 
note.  The  earlier  studies  employed  five  2-min.  bouts  of 
irradiation,  each  bout  separated  by  a  2-min.  interval,  which 
would  result  in  a  maximal  exposure  time  of  10  minutes  per 
daily  session.  The  intervals  allowed  dissipation  of  thermal 
energy  by  the  intensely  irradiated  animal  and  were  .intended  ,  I 

to  preclude  lethality.  Since  alternating  periods  of  irrad¬ 
iation  and  respite  might  have  interfered  with  learning  of 
escape,  it  was  necessary  to  turn  to  the  sink-or-swim  (actu¬ 
ally,  learn-or-h-jrn)  format  of  Experiment  I,  i.e.,  irradia¬ 
tion  was  continuously  available  during  th«  15-min.  sessions 
of  days  2  through  5.  Although  I  doubt,  given  the  behavioral 
evidence  cited  earlier,  that  the  hyperthermalized  animal 
suffers  unduly  or  long,  I  hope  no  one  perceives  the  need  for 
parametric  e:q)eriments  that  portend  lethality  on  a  large- 
scale. 

As  noted  earlier,  the  task  required  of  mice  and  rats  in 
Experiment  I  is  the  most  difficult  yet  employed  in  my  labor¬ 
atories.  The  task  employed  by  Carroll,  et  al.  (1980)  and 
Levinson,  et  al.  (1982)  was  of  intermediate  difficulty, 
althoughi  it,  too,  involved  a  safe  area  that  conprised  25%  of 
a  cavity ‘s  false  floor.  However,  the  area  used  by  them  was 
located  against  the  back  wall  of  the  cavity,  which  should 
and  did  result  in  relatively  longer  basal  occupancy  times  by 
the  positively  thygmotactic  animal.  In  other  studies, 

(Levinson,  et  al.,  1981),  data  were  obtained  from  experimen¬ 
tally  naive  animals  subjected  to  a  shuttle-box  task,  i.e., 
the  false  floors  of  918-  and  2450-MHz  cavities  were  equally 
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partitioned  into  safe  cind  unsafe  areas,.  Sometimes  the  left 
half  of  the  floor  was  safe,  sometimes  the  right  half,  in 
accord  with  the  need  to  counterbalance  for  a  potential  posi¬ 
tion  preference.  Lethality  was  nil  when  behaviorally  con¬ 
tingent  irradiation  at  a  dose  rate  of  60  mW/g  was  scheduled. 
The  absence  of  lethality  is  hardly  surprising  since,  given 
equiprobable  times  of  residence  in  both  sides  of  the  cavity, 
cin  animal's  energy  dose  would  approximate  18  J/g  (300  s  x  60 
mW/g) ,  which  at  moderate  ambient  tenperatures  is  well  below 
the  rat's  threshold  of  lethality  (Justesen,  1975;  Justesen, 
1979) . 

The  shuttle-box  studies  revealed  that  both  mouse  and  rat 
will  locoroote  repeatedly  in  and  out  of  the  safe  area,  per¬ 
haps  to  maintain  a  preferred  body  tenperature,  but  the  pos¬ 
sibility  of  behavioral  thermoregulation  is  clouded  by  the 
possibility  of  a  random  walk.  That  is,  moderate  thermaliza- 
tion  during  the  initial  period  of  irradiation  may  lead  to 
behavioral  arousal,  to  an  increase  of  eaploratory  activity, 
and  thus  to  an  increased  probability  that  the  animal  will 
locomote  fortuitously  to  the  safe  area.  The  fall  of  temper¬ 
ature  after  entry  to  the  safe  area  presiunably  would  reduce 
the  level  of  arousal  and  attendant  motor  activity  to  the  end 
of  increasing  the  relative  amount  of  time  spent  therein. 
Either  mechanism  therefore — behavioral  thermoregulation  or  a 
random  walk  under  field-contingent  excitation  of  arousal — 
could  explain  the  finding  that  cumulative  time  spent  in  the 
safe  side  of  the  c?vity  increased  across  sessions  lantil  it 
was  reliably  above  the  basal  level.  However,  at  best,  the 
asymptote  of  safe-area  occupancy  never  reached  the  high, 
virtually  100%  levels  associated  with  foot-shock  motivation. 

One  of  my  research  assistants,  Donald  Riffle,  took  an 
interesting  tack  toward  resolution  of  the  random-walk  ques¬ 
tion.  He  selected  individual  rats  with  a  history  of  escape 
training  eOcin  to  that  of  the  microwave-irradiated  rats  of 
Levinson,  et  al.  (1982),  who  exposed  their  animals  during 
five  2-min.  periods  to  behaviorally  contingent  radiation  at 
60  mW/g;  2-min.  intervals  were  used  between  periods  of 
available  irradiation.  Mr.  Riffle  began  with  a  total  of 
eight  animals,  four  that  had  been  assessed  for  escape  from 
microwaves  only  and  four  for  whom  an  acoustic  cue  had  been 
paired  with  periods  of  behaviorally  contingent  irradiation. 
None  of  the  animals  had  previously  exhibited  reliable  indi¬ 
cations  of  escape  behavior,  but  all  had  been  extensively 
handled  and  had  been  irradiated  on  several  occasions.  Four 
of  the  eight  rats  failed  to  survive  a  10-min.  session  in 
which  2450-MHz  energy  was  continuously  available  in  the  cav¬ 
ity;  a  relatively  difficult  escape  task,  entry  to  a  centered 
circle,  was  used.  The  other  four  rats  survived. 
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EXPERIMENT  II 

Materials,  Methods,  and  Procedure 

Four  Long-Evcins  rats,  with  a  history  of  exposure  to  a 
2450-MHz  multipath  field  that  is  svunmarized  in  the  preceed- 
ing  paragraph,  were  subjected  to  irradiation  in  the  2450-MHz 
cavity.  Behaviorally  contingent  bouts  of  irradiation  were 
scheduled  as  in  Ei^eriment  I  during  a  total  of  four  sets  of 
sessions.  Each  set  conprised  six  sessions,  each  session  of 
10-min.  duration  per  animal  and  separated  by  ''^24  h.  The 
first  session  of  each  set  was  scheduled  without  irradiation, 
to  permit  recording  of  control  baselines  of  cumulative  time 
each  animal  spent  in  the  safe  area.  The  sixth  session  of 
each  set  was  also  scheduled  without  irradiation,  to  obtain 
measures  of  resistance  to  extinction.  Whole-body-averaged 
dose  rates  of  irradiation  were  at  a  given  level  during  a 
given  set  of  sessions,  but  differed  across  sets  of  sessions: 
Set  1,  60  mW/g;  Set  2,  30  mW/g;  Set  3,  120  mW/g;  and  Set  4, 
60  mW/g.  Two  of  the  four  rats  received  auditory  cueing 
(2900  Hz  at  80  dB)  synchronized  with  periods  of  irradiation, 
as  they  had  in  a  previous  study.  The  other  two  rats,  as 
before,  were  exposed  only  to  microwave  radiation.  Colonic 
temperatures  of  each  rat  were  measured  before  and  after  most 
sessions  by  a  Bailey  Model  BAT-8  thermometer  with  a  Bailey 
Model  OT-1  thermocouple  probe.  The  thermometer  and  probes 
were  calibrated  againut  a  Taylor  Model-21002  certified 
standard;  readings  were  accurate  within  ±0.1  °C. 


Results  and  Discussion 

Figure  3  summarizes  mean-percent  times  in  the  safe  area 
and  associated  means  of  post-session  measurements  of  colonic 
temperature.  During  the  first  session  of  irradiation  at  60 
mW/g,  the  two  rats  that  received  acoustic  cueing  spent  much 
more  time  in  the  safe  area  than  did  the  two  uncued  rats.  In 
consequence  of  the  longer  durations  spent  in  the  unsafe  area 
under  irradiation,  both  of  the  uncued  rats  exhibited  a  high 
elevation  of  colonic  temperature  (to  44.1  °C)  that  probably 
would  have  been  lethal  to  a  non-acclimated  animal — one  with¬ 
out  a  recent  history  of  several  exposures  to  an  intensely 
thermalizing  field  (Gelineo,  1940,  1964;  Michaelson,  et  al . , 
1965)  .  During  the  2nd,  3rd  and  4th  sessioiis  at  60  mW/g,  all 
four  rats  exhibited  relatively  moderate  elevations  of  tem¬ 
perature  and  spent  40  to  60%  of  their  time  in  the  safe  area. 
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Figxire  3.  Experiment  II:  Mean-percent  cvmiulative  time 
per  session  and  associated  means  of  post-session  colonic 
temperatures  of  four  radiation-experienced  rats  that  were 
individually  observed  for  time  in  the  safe  area  during  four 
sets  of  sessions.  Each  set  involved  a  series  of  six  ses¬ 
sions,  the  first  and  last  of  which  were  conducted  without 
irradiation'  to  determine  baseline  times  of  occupancy  (BL) 
and  measures  of  resistance  to  extinction  (Ext) .  Four  daily 
sessions  of  irradiation  intervened.  Each  set  of  sessions 
was  separated  by  '\'48  hours.  During  the  first  and  fourth 
set,  irradiation  resulted  in  microwave  irradiation  of  an 
animal  at  60  mW/g.  The  second  and  third  set  resulted  in 
irradiation  at,  respectively,  30  and  120  itiW/g.  Squares 
represent  means  of  two  rats  that  were  ej^osed  to  microwaves 
in  synchrony  with  a  2900-Hz  acoustic  cue  at  80  dB;  circles 
represent  means  of  two  rats  e:q)osed  to  microwaves  without 
acoustic  cueing. 


The  initial  set  of  sessions  apparently  was  an  effectiv.: 
tutorial  in  the  acquisition  of  an  efficient  thermoregulatory 
response,  since  subsequent  performances  during  session  sets 
2,  3,  and  4  at,  respectively,  30,  120,  and  60  mW/g,  were 
occasioned  by  mean  times  in  the  safe-area  that  covaried 
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markedly  with  dose  rate.  When  the  means  of  safe-arer.  occu- 
peincy  times  were  pooled  for  each  set  of  exposure  sessions 
cind  then  were  regressed  against  the  three  levels  of  energy 
dosing,  the  Pearson  product-moment  r  was  found  to  be 
.97  (P  <  .025  at  1  df . ,  single-tail  distribution).  Means  of 
tenperatures  that  were  measured  immediately  after  sessions 
of  irradiation  are  relatively  stable  and  combine  to  average 
39.6,  39.3,  and  39.7  °C  with  respect  to  dose  rates  of  30, 
120,  and  60  mW/g.  Data  on  pre-  and  post-session  tempera¬ 
tures  are  presented  in  Table  2. 

The  data  of  Mr.  Riffle's  experiment  unequivocally  indi¬ 
cate  that  some  rats  under  an  ad~libitum  regimen  can  master  a 
relatively  difficult  escape  task  and,  indeed,  can  learn  to 
thermoregulate  by  shuttling  ir.  and  out  of  a  highly  intense 
field.  The  demonstration  of  adventitious  acquisition  of 
escape  amd  thermoregulatory  behavior  by  some  rats  does  not 
force  the  conclusion  that  successful  escape  learning  and 
thermoregulation  would  be  general  for  all  rats  if  they  were 
given  the  careful  shaping,  discrete  trials,  and  time-limited 
exposures  that  characterize  the  "permissive"  method  of  suc¬ 
cessive  approximation.  However,  I  would  be  surprised  if 
such  a  method  were  not  productive  of  successful  mastery  by 
most  mice  and  rats. 

The  critical  question  in  the  decision  to  study  escape 
behavior  of  animals  under  a  demanding  or  a  permissive  regi¬ 
men  turns  on  the  question  of  what  the  investigator  wishes  to 
model.  For  several  years,  ray  colleagues  and  I  have  been 
concerned  about  the  technically  naive  worker  in  the  indus¬ 
trial  milieu  in  which  exist  highly  powered  sources  of  HF, 
VHF,  and  UHF  fields  that  could  result  in  adventitious  e:q>o- 
sure  of  the  unsuspecting  individual  (Guy  and  Justesen.  1979; 
Harris,  et  al.,  1977).  Thus  my  initial  selection  of  a  pro¬ 
cedural  model  was,  by  deliberate  choice,  the  "worst-case." 
If  there  is  a  lesson  that  can  be  extrapolated  from  labora¬ 
tory  mouse  and  rat  to  industrial  man  and  woman,  it  is  that 
education  of  the  latter — successive  approximation  or  preven¬ 
tive  hygiene  by  verbal  communication — in  the  sensations  and 
symptoms  that  may  arise  from  adventitious  e:^osure  to 
intense  fields  should  enable  them  to  make  timely  retreat  and 
thereby  prevent  discomfort,  malaise,  even  serious  injury. 
This  concern,  if  mundane  and  practical,  requires  no  apology 
from  the  laboratory  scientist,  who  can  gain  a  firm  grasp  of 
a  phenomenon  only  by  systematically  evaluating  all  of  the 
critical  variables  by  which  it  is  conditioned.  The  pe2mu.s- 
sive  case,  which  is  much  more  fully  represented  in  the  tra¬ 
ditional  literature  on  escape  and  avoidance  behaviors  of 
animals  under  motivation  by  conventional  noxious  stimuli, 
will  be  the  object  of  future  endeavors. 
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GENERAL  DISCUSSION 


The  data  of  Experimant  I  reconfirm  the  general  ineffec¬ 
tiveness  of  cessation  of  intense,  multipath  irradiation  by 
I  microwaves  as  a  negative  reinforcer  of  adventitious  escape 

by  the  murine  animal.  The  data  of  the  pilot  study  of  Exper¬ 
iment  II,  even  given  the  caveats  of  the  animals'  eagjosure 
history  and  a  basis  of  selection  that  militates  against  gen¬ 
erality,  constitute  a  novel  finding  for  a  mammal:  Behav¬ 
ioral  thermoregulation  in  which  sensory  discriminative  con¬ 
trol  is  mediated  solely  by  the  microwave  field.  D'Andrea,  et 
al.  (1978)  demonstrated  such  regulation  in  the  whiptail 
lizard  {Cnemidophorus  tigris) ,  an  ectotherm  whose  existence 
in  its  natural  heibitat  is  dependent  on  behavioral  control 
of — locomotion  within — environments  of  widely  ranging  tem¬ 
perature.  Stern,  et  al.  (1979)  demonstrated  behavioral  con¬ 
trol  of  body  temperature  by  rats  in  a  very  cold  environment. 
Their  rats  were  continuously  irradiated  for  15-min.  periods 
by  2450-MHz  microwaves  at  each  of  several  power  densities, 
none  of  which  were  presumably  able  to  elevate  the  body  tem- 
’  perature  to  preferred  levels;  control  was  vested  in  an 

infrared  laitp,  which  could  be  switched  on  for  a  discrete 
period  by  a  rat.  As  the  backgrour-d  level  of  microwave 
irradiation  was  decreased  (or  increased)  across  sessions, 
the  number  of  lever  presses  to  incur  the  infrared  field 
increased  (or  decreased) .  Adair  and  Adams  (1980)  enployed  a 
background  of  2450-MHz  radiation  that  was  stepped  in  inten¬ 
sity  across  10-min.  periods  while  their  experimental  animal, 

I  the  squirrel  monkey  {Saimiri  sciureus)  thermoregulated  via 

operant  control  of  warm  and  cool  air.  Each  tug  of  a  cord  by 
a  monkey  shifted  the  tenperature  of  continuously  flowing  air 
in  the  exposure  milieu  from  55  to  15  "C  (or  the  reverse)  . 
Fifteen  seconds  after  each  tug,  the  temperature  of  the  flow¬ 
ing  air  automatically  returned  to  55  (or  15)  "C.  As  the 

'  intensity  of  microwave  irradiation  increased,  the  animals 

selected  an  increasingly  cooler  environment,  which  resulted 
in  maintenance  of  a  stable  core  temperature. 

More  recently,  Bruce-Wolfe  and  Adair  (1981)  observed 
squirrel  monkeys  that  had  been  trained  to  select  alternate 
bouts  of  cold  air  (10  ®C)  and  hot  air  (50  °C)  by  successive 
tugs  of  a  cord.  After  stable  levels  of  the  operant  cord-tug 
response  (and  thermal  steady-state  of  core  temperature)  were 
achieved,  microwave  irradiation  was  paired  with  a  flux  of 
thermoneutral  air  (30  °C) .  Successive  tugs  of  the  cord  then 
resulted  in  alternab"!  bouts  of  microwave  irradiation  (with 
thermoneutral  air)  ar.d  the  10-°C  air  in  the  absence  of  irra¬ 
diation.  Given  access  to  2450-MHz  irradiation  that  ranged 
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in  intensity  from  20  to  30  mW/cm^,  the  monkeys  exhibited 
highly  efficient  thermoregulatory  behavior.  However,  the 
extent  to  which  the  successive,  response-contingent  shifts 
of  air  temperature  from  10  to  30,  and  from  30  to  10  *C, 
etc.,  might  have  served  as  discriminative  cues  is  unknown 
— only  by  maintaining  a  flux  of  air  at  a  constant,  less- 
than-pref erred  temperature  would  it  be  possible  to  control 
for  convective  cueing — but  the  demonstration  of  thermoregu¬ 
lation  indicates  convincingly  that  microwave  heating  per  se 
is  readily  utilized  by  the  primate  to  achieve  a  thermal 
steady-state . 

The  rats  of  Stern,  et  al.  (1979),  the  monkeys  of  Adair 
and  Adeuns  (1980)  ,  and  the  monkeys  of  Bruce-Wolfe  and  Adair 
(1981)  regulated  their  body  temperatures  by  controlling, 
respectively,  a  source  of  visible  radiant  heating  in  a  cold 
environment,  a  source  of  convective  heating  and  cooling  in  a 
microwave  environment,  and  microwave  irradiation  that  alter¬ 
nated  with  a  draft  of  cold  air.  Both  visible  light  and  a 
draft  of  cold  air  are  highly  salient  as  sensory  stimuli. 
And  a  draft  of  cold  air,  and  the  warmth  and  visible  light 
associated  with  activation  of  a  conventional  infrared  lamp, 
'jhould  be  immediately  discernible  to  the  attentive  mcimmal. 

The  question  of  whether  a  stable  body  ten^erature  will  be 
maintained  by  a  mammal  in  a  cool  surround  solely  through 
operant  control  of  a  microwave  field  was  answered  in  the 
affirmative  in  E}q)eriment  II,  albeit  with  strong  qualifica¬ 
tions  regarding  history  cind  generality.  Unknovm  is  whether 
the  experimentally  naive  rat  or  monkey  will  acquire  such 
control  without  prior  operant  training  and  without  the  pres¬ 
ence  of  salient  sensory  cues  that  covary  with  periods  of 
microwave  irradiation. 

If  an  animal  were  required  adventitiously  to  learn  a  con¬ 
ventional  lever-pressing  response  to  inactivate  (escape 
from)  a  nighly  intense  field  in  a  surround  of  moderate  tem¬ 
perature,  I  fear  that  the  low  probability  of  such  a  response 
in  the  absence  of  shaping  by  successive  approximation  would 
conspire  for  hyperthermal  lethality.  However,  the  high- 
probability  and  ecologically  pertinent  response  of  travers¬ 
ing  within  a  shuttle  box — locomotion  between  hotter  and 
cooler  loci  of  frequently  inhabited  areas — should  afford  a 
behavioral  operant  suitable  to  test  the  question  of  adventi¬ 
tious  acquisition.  In  the  light  of  the  shuttle-box  findings 
of  Levinson,  et  al.  (1981)  cited  above,  much  higher  dose 
rates  of  irradiation  than  60  mW/g  would  have  to  be  employed 
to  eliminate  the  possibility  of  non-discriminated  survival 
borne  of  a  random  walk. 

I  shall  go  out  on  a  speculative  limb  and  predict  that  a 
significant  proportion  of  mice  and  rats  subjected  to  intense 
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irradiation  under  the  adventitious,  shuttle-box  format  would 
expire  because  of  failure  to  discriminate  the  contingency 
between  spatial  locus  and  intense  irradiation.  My  predic¬ 
tion  is  without  direct  eitpirical  warramt  but  is  based  on 
factors  that  condition  the  sensory  and  perceptual  dynamics 
of  microwave  irradiation:  The  relatively  long  latencies  to 
detection  of  warming  during  irradiation  and,  even  more  so, 
the  persistence  of  the  warmth  sensation  after  extinction  of 
an  intc  ise  field  (Hendler,  et  aJ.,  1963;  Schwan,  et  al., 
1966;  and  Carroll,  et  al.,  1980);  the  positive-to-negative 
shift  of  hedonic  sign  that  presumably  attends  continuous, 
intense  irradiation  in  a  moderately  cool  environment  (Cook, 
1952;  Cabanac,  1971);  the  possibility  that  incrementing  tem¬ 
perature  of  the  body  constitutes  a  changing  internal  state 
that  interferes  with  efficient  mnemonic  function  (Overton, 
1964;  Nielson,  1968;  Misanin,  et  al.,  1979);  and  the  datum 
that  thresholds  of  thermal  pain  in  mammals  are  well  above 
thresholds  of  irreversible  cellular  daiticige  (Lowenstein  and 
Dallenbach,  1930;  Cook,  1952;  Hardy,  et  al.,  1952;  Mellon 
and  Mitchell,  1975).  I  suspect  in  connection  with  the  high 
threshold  of  thermal  pain  that  whole-body  exposure  of  an 
animal  to  an  intense,  multipath  field  results  in  loss  of 
consciousness  before  painful  stimulation  occurs — and  pain, 
of  course,  is  the  preeminent  signal  of  retreat  from  injuri¬ 
ous  stimulation.  It  is  possible  that  a  thermal  hotspot 
associated  with  cui  intense  but  uneven  investment  of  absorbed 
energy  in  the  tegument  might  exceed  the  threshold  of  pain 
but,  were  this  to  occur,  the  factor  of  thermal  inertia  might 
still  prevent  timely  association  between  the  act  of  escape 
and  cessacj  n  of  pain. 

If  the  prediction  of  significant  incidence  of  lethality 
is  confirmed,  I  venture  another  with  respect  to  far-infrared 
irradiation  of  the  mammal:  That  i’c,  too,  will  serve  as  an 
ineffective  reinforcer  of  adventitious  escape.  The  conven¬ 
tional  wisdom  is  that  exposure  of  the  body  to  an  infrared 
field,  because  of  its  shallow  depth  of  penetration  into  the 
skin,  will  rapidly  excite  the  superficial  thermal  recejjtors 
and  quickly  promote  escape  from  a  source,  thereby  precluding 
injury.  The  conventional  wisdom  may  be  sound,  but  is 
clouded  by  a  potential  artifact  that  is  present  in  the 
natural  schem^  and  in  the  artifices  of  the  laboratory, 
visible  light. 


* 

The  hot  tip  of  a  soldering  iron  and  the  live  ash  of  a 
burning  cigarette,  etc.,  have  inspired  rapid  retreat  by 
legions  of  human  beings  who  have  made  accidental  contact. 
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The  sun  and  the  infrared  lamp,  which  respectively  are  the 
primary  sources  of  infrared  waves  in  the  natural  and  leibora- 
tory  environments,  also  emit  visible  photons  that  can  give 
sharp  sensory  definition  cf  a  temporal  and  spatial  sort  to 
the  infrared  field.  Richard  Lovely  and  colleagues  at  the 
University  of  Washington  (Personal  Communication,  1977) 
found  that  photic  cueing  of  rats  enabled  rapid  learning  of 
escape  from,  then  avoidance  of,  an  intense  microwave  field, 
a  feat  not  observed  in  the  absence  of  photic  cueing.  Subse¬ 
quently,  Levinson,  et  al.  (1982)  confirmed  this  finding  in 
the  Scime  species.  Given  Satinoff  cind  Hendersen's  observa¬ 
tion  (1977)  that  visible  light,  not  excessive  wanning,  might 
be  the  controlling  discriminative  stimulus  of  operant  escape 
or  avoidance  behaviors  in  the  field  of  an  infrared  lanp,  and 
the  observations  by  Cain  (1973)  that  spatial  discrimination 
of  infrared  warming  by  human  observers  is  sometimes  associa¬ 
ted  with  gross  errors  of  localization,  there  is  reason  to 
question  whether  far- infrared  energy  P'ir  se  will  fianction  as 
an  effective  negative  reinforcer  of  adventitious  escape,  at 
least  when  large  areas  of  the  body  are  irradiated.  Since  my 
hypothesis  is  so  readily  falsifiable,  I  hope  someone  beyond 
it^  laboratory  will  soon  attempt  to  infirm  it. 

Future  studies  of  the  mouse  and  the  rat  in  my  laboratory 
will  be  directed  to  comparisons  of  near-  (visible)  and  far- 
(non-visible)  infrared  energy  as  a  motivator  of  escape  to 
determine  the  role  played  by  visible  light  in  the  acquisi¬ 
tion  function.  There  is  need  as  well  for  human  psychophysi¬ 
cal  studies  that  cari  provide  precise  comparative  data  on  the 
spatial  and  temporal  characteristics  of  microwave  and  infra¬ 
red  fields  both  weak  and  intense.  Much  work  obviously 
remains  to  be  done  in  resolving  the  vagaries  of  the  sensory 
dynamics  incumbent  with  e^qjosure  to  long-  and  short-wave 
electromagnetic  radiations. 


nor  has  photic  cueing  of  retreat  been  necessary.  My  concern 
does  not  lie  with  these  discrete,  highly  focal  applications 
of  thermal  energy,  which  are  painful  (and  do  result  in 
irreversible  albeit  limited  injury  to  cells  of  the  skin) . 
Rather,  I  question  whether  application  of  far-infrared 
fields  to  large  areas  of  the  body  will  affect  a  mammal's 
aversion  in  a  manner  that  differs  qualitatively  from  that  of 
the  more  deeply  penetrating  microwaves. 
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SUMMARY 

I 


^  Hie  results  of  two  ejqjeriments  are  reported,  the  first  on 
24  mice  and  14  rats,  all  experimentally  naive,  that  were 
observed  for  evidence  of  adventitious  escape  from  faradic 
shock  or  from  a  potentially  lethal,  2450-MHz  microi/ave  field 
in  a  multi -mode  cavity. \  A  relatively  difficult  task  for  the 
positively  thygmotactic  janimal,  entry  into  a  circular  area 
centered  on  a  false  fl6or  of  Plexxglas  and  thus  remote  to 
the  walls  of  the  cav^y,  was  required  to  extinguish  the 
shock  or  the  field.  Irradiation  (or  faradic  footshock  at 
150-300  liA  rms  for /eight,  active-control  animals,  four  of 
each  species)  was  /Continuously  available  during  each  of  four 
15-min.  sessions/repeated  at  24-h  intervals.  Control  base¬ 
lines  of  cumui^^tive  time  spent  in  the  safe  area  of  the 
circle  were  recorded  during  an  initial  15-min.  session; 
resistance  to  Extinction  of  escape  responding  in  the  absence 
of  irradiation  *^or  footshock  was  measured  during  a  sixth  and 
final  session. ^^11  of  ten  rats  irradiated  at  a  whole-body- 
averaged  dose  rate  of  60  mW/g  convulsed  eind  expired,  presum¬ 
ably  from  radiation-induced  hyperpyrexia.  Eight  of  ten  mice 
irradiated  at  60  irW/g  survived  the  four  sessions  of  irradia¬ 
tion,  but  reliable  evidence  of  escape  learning  was  not 
observed.  )  All  of  ten  mice  irradiated  at  120  iriW/g  convulsed 
and  expired.  In  contrast,  the  mice  and  rats  motivated  by 
faradic  footshock  exhibited  mastery  of  learning  and,  collec¬ 
tively,  gave  singular  evidence  of  high  resistance  to  extinc¬ 
tion. 


N^The  data  of  the  second  experiment,  which  was  a  pilot 
study  of  four  rats  with  an  extensive  history  of  exposure  to 
intense  but  intermittently  applied  microwave  fields,  re¬ 
vealed  that  the  animals  learned  to  thermoregulate  behavior- 
ally  by  locoraoting  in  and  out  of  the  safe-area  circle.  A 
strong  relation  between  dose  rate  (30,  60,  and  120  mW/g)  and 
proportion  of  time  spent  in  the  safe  area  was  observed  (r  = 
.97)  .  Post-exposure  means  of  colonic  temperature  during 
three  sets  of  sessions  under  the  different  r^es  of  energy 

dosing  were  highly  stable  and  averaged  39.6  "(5.  _ 

Several  factors  are  discussed  that  might  play  rbles  in 
the  failuie-to-escape  Phenomenon  and  in  the  contrasting 
observation  of  fine-grained  thermoregulation.  The  factors 
subsume  under  extrinsic  (procedural)  and  intrinsic  (bio- 
psychological)  categories.  Among  the  extrinsic  factors  are 
task  difficulty,  regimen  of  training,  environment,  and  field 
conditions,  rhe  intrinsic  factors  relate  to  the  dynamics  of 
sensation  and  perception  and  include  hedonic  tfne,  temporal 
and  spatial  attributes,  and  state-de£5endent  mnemonics  as 
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these  may  vary  in  association  with  the  sizable  elevations  of 
body  ten^erature  that  are  induced  by  intense  electromagnetic 
irradiation  at  radio  and  infrared  frequencies. 
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INTRODUCTION 


A  serious  problem  with  regard  to  sensory  awareness  may 
present  itself  when  an  organism  is  expos^id  to  a  radiofre¬ 
quency  field.  Under  conditions  when  electromagnetic  energy 
is  deposited  at  some  depth  in  the  body  tissues,  as  may  occur 
when  a-  human  being  is  exposed  to  3-  or  10-cm  microwaves ,  the 
thermosensitive  neural  endings  in  the  skin  may  be  bypassed, 
compromising  normal  sensation.  Thus,  as  demonstrated  in 
Figure  1  of  Chapter  9  of  this  volume,  a  threshold  warmth 
sensation  derived  from  such  microwave  exposure  may  require  a 
relatively  longer  duration  and  higher  intensity  of  stimula¬ 
tion  than  would  be  necessary  for  a  threshold  warmth  sen¬ 
sation  derived  from  an  infrared  stimulus  of  comparable  areal 
extent.  On  the  other  side  of  the  coin,  Justesen,  in  Chapter 
10,  has  provided  compelling  evidence  that  rats  and  mice, 
under  certain  conditions,  seem  not  to  experience  any  theriiial 
sensations  when  irradiated  by  high  intensity  microwave 
fields;  at  least  these  animals  are  not  guided  by  changes  in 
sensation  alone  to  escape  from  potentially-lethal  fields. 
These  facts  pose  questions  that  are  reminiscent  of  those 
investigated  by  psychophysiologists  some  years  ago  as  they 


Microwaves  and  Thcnnoregulalion 


231 


Copyright  ®  1983  by  Academic  Press,  Inc. 
All  nghls  of  reproduction  in  any  form  reserved 
ISBN  0-12-044020-2 


32 


Eleanor  R.  Adair 


sought  e^erimental  evidence  for  the  direct  perception  or 
appreciation  of  changes  in  the  temperature  of  restricted 
brainstem  areas  a?  produced  by  inplanted  thermodes  (Corbit, 
19b9,  1973;  Corbit  and  Emits,  1974;  Adair,  1977).  These 
facts  also  raise  a  fundamental  question  to  be  considered  by 
those  who  would  estciblish  standards  for  the  e3q)osure  of 
human  beings  to  radiofrequency  fields;  shall  sensation  play 
a  role  in  standard  setting?  During  a  panel  discussion  held 
at  the  Symposium  on  Microwaves  and  Thermoregulation  (New 
Haven,  Connecticut,  October  26-27,  1981) ,  these  general 

questions  were  examined  from  many  points  of  view,  although 
no  specific  recommendations  were  made  by  the  panelists.  The 
major  views  aired  during  this  discussion  are  summarized 
below.  , 

'Dermal  gradients  in  tissue  produced 

BY  MICROWAVES  AND  INFRARED  ^  -  / ,  ?  3 


A  clear  difference  exists  between  the  ii.frared  stimulus 
and  the  microwave  stimulus  as  these  are  represented  to  con¬ 
sciousness.  This  difference  clearly  derives  from  differ¬ 
ences  in  absorption  and  heat  flow  in  the  skin  produced  by 
the  two  types  of  stimuli.  In  the  case  of  infrared  radia¬ 
tion,  absorption  occurs  within  the  first  millimeter  or  so  of 
the  skin  surface;  indeed,  a  large  proportion  occurs  within 
the  first  1/lOth  of  a  millimeter.  As  a  result,  the  heat 
flowing  into  the  skin  proceeds  along  avenues  that  are  very 
characteristic  for  the  way  the  system  was  designed  to  oper¬ 
ate;  i.e.,  the  way  it  has  evolved.  We  do  not  yet  know  pre¬ 
cisely  what  the  relationships  are  between  the  physics  of  the 
heat  transfer  and  the  temperature  changes  in  the  skin,  on 
the  one  hand,  and  the  sensations  that  are  evoked  on  the 
other  hand.  There  are  still  many  unanswered  questions  re- 
;  garding  these  precise  relationships,  even  for  the  case  of 

'  infrared,  despite  a  large  body  of  psychophysical  data 

describing  the  paraiiieters  of  warmth  sensation  (cf.  Chapter 
r  9) .  For  example,  our  knowledge  of  neurophysiological  dynam- 

ics  does  not  correlate  very  well  with  the  sensory  dynamics 
I"  measured  in  the  intact  observer.  A  primary  question  among 

those  yet  to  be  resolved  relates  to  the  way  in  which  the 
receptors  are  stimulated.  Since  the  normal  heat  flow  is 
decidedly  inward  from  the  skin,  the  receptors  at  their  stra¬ 
tegic  location  within  the  first  mill.-' meter,  are  certainly 
closely  related  to  the  normal  path  of  the  heat  transfer. 
This  particular  location  affords  a  much  greater  yield  than 
deeper  tissues  in  terms  of  tetrperature  rise.  Thus  even  very 
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short  stimulations  can  produce  substantial  increases  in  the 
temperature  of  the  skin  surface  and  in  receptor  tenperature 
as  well. 

However,  stimulation  of  the  skin  by  microwaves  may  give 
rise  to  a  very  different  situation.  Different  microwave 
frequencies  will  have  different  penetration  characteristics 
and  hence  different  penetration  profiles.  Of  the  greatest 
importance  is  the  fact  that  simultaneously  a  much  larger 
mass  of  tissue  must  be  raised  in  temperature  than  is  the 
case  for  infrared.  Clearly,  there  will  be  more  absorption 
on  the  skin  surface  than  there  is  at  depth,  but  nevertheless 
the  thermal  gradient  through  the  tissues  will  now  be  totally 
different.  In  addition,  the  heat  losses  that  take  place  at 
the  skin  surface  will  result  in  an  inverted  thermal  gre.- 
dient,  a  most  unusual  situation  for  the  thermal  receptors  to 
deal  with  and  one  for  which  they  have  certainly  not  evolved. 

The  difference  of  a  factor  of  10-15  in  the  power  density 
required  to  arouse  a  just-perceptible  sensation  of  warmth 
during  stimulation  by  microwave  vs  infrared  is  not  particu¬ 
larly  surprising.  This  can  be  almost  completely  explained 
by  considering  the  amount  of  tissue  that  has  to  be  heated  in 
a  short  period  of  time  by  penetrating  and  non-penetrating 
radiation.  The  surprising  part  is  the  diffuse  nature  of  the 
sensation  aroused  by  the  microwave  stimulus.  This  sensory 
diffusion  makes  the  perception  of  warmth  much  less  clear, 
even  at  threshold.  According  to  the  way  the  sensation 
derived  from  microwaves  is  described  in  the  literature,  the 
onset  and  offset  of  stimulation  are  much  more  difficult  to 
recognize  than  when  infrared  stimuli  are  used.  This  result 
may  have  to  do  with  a  reversed  or  absent  thermal  gradient 
compared  to  the  tissue  gradient  that  is  characteristically 
present  when  infrared  irradiates  the  skin.  One  current 
theory  of  temperature  perception  holds  that  its  basis  lies 
in  the  recognition  of  a  cutaneous  thermal  gradient.  This  is 
certainly  a  provocative  point  in  this  context. 


IMPORTANCE  OF  FAMILIARITY  AND 
ASSESSMENT  OF  RISK 


When  considering  the  relationship  of  sensation  to  the 
setting  of  standards  for  exposure  to  radiofrequency  radia¬ 
tion,  the  general  public's  familiarity  with  radiation 
sources  and  perception  of  the  risks  involved  with  exposure 
to  such  sources  must  be  considered.  A  lack  of  familiarity 
with  devices  from  which  radiation  may  emanate  can  color  the 
public's  view  on  whether  regulatory  control  over  a  given 
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source  is  warranted  or  not.  An  informal  survey  conducted  by 
Osepchuk  was  offered  as  a  case  in  point,  A  group  of  25  sub¬ 
jects  (consisting  of  scientists,  engineers,  secretaries, 
administrators,  etc.)  rated  a  series  of  spectral  sources  on 
a  scale  that  ranged  from  1  to  5,  each  number  indicating  a 
dii.r''rent  level  of  perceived  risk.  On  this  scale,  "5"  sig¬ 
nify  ei  that  the  source  (e.g.,  gamma  rays)  was  unsafe  at  any 
level  or  e:^osure  duration  and  that  regulatory  control  was 
essential.  At  the  other  end  of  the  scale,  "1"  indicated 
that  the  source  was  obviously  safe  and  that  regulation  was 
unnecessary.  An  index  of  the  familiarity  of  the  sources  was 
gained  from  the  percentage  of  respondents  who  con5)leted  the 
risk  assessment  of  each  entity  presented.  This  particular 
group  of  subjects  (hardly  representative  of  the  public  at 
large)  felt  quite  familiar  with  and  fearful  of  all  sources 
of  radioactivity  or  anything  related  to  the  generation  of 
nuclear  power  and  they  rated  these  sources  with  high  num¬ 
bers.  Radio  and  television  broadcasting  towers,  as  well  as 
CB  radios  v;ere  familiar  sources  held  to  be  of  low  risk. 
However,  radar  and  microwave  ovens  ranked  quite  high  in 
terms  of  both  familiarity  and  perceived  risk  (comparable  to 
X-rays).  Interestingly  enough,  "nonionizing  radiation,"  a 
somewhat  less  familiar  term,  carried  a  lower  risk  index. 

What  is  the  iirplication  of  a  survey  such  as  this  :or  the 
assessment  of  sensations  derived  from  radiofrequency  elec¬ 
tromagnetic  radiation?  Clearly,  the  sensory  judgment  made 
by  an  individual  who  is  exposed  to  a  microwave  stimulus  may 
be  distorted  by  his  knowledge  that  the  source  of  stimulation 
is  microwave  radiation.  It  may  be  that  the  results  of  the 
few  studies  conducted  20-odd  years  ago  (Eikman  and  Vendrik, 
1961;  Handler,  Hardy,  and  Murgatroyd,  1963;  Handler  and 
Haidy,  1960;  Schwan,  et  al.,  1966;  Vendrik  and  Vos,  1958) 
would  have  been  different  had  the  assessments  been  made  in 
the  same  climate  of  fear  that  is  prevalent  today.  It  is 
reassuring  that  some  of  these  early  data  have  been  generally 
confirmed  in  a  recent  study  that  featured  sophisticated 
human  observers  (Justesen,  et  ai.,  1982). 


DETECTABILITY  AS  A  FUNCTIC®} 
OF  FREQUENCY, 


It  is  clear  that  within  the  broad  range  of  microwave  fre¬ 
quencies  to  which  humans  and  animals  may  be  ejqjosed  there  is 
wide  variation  in  the  depth  of  penetration  of  the  absorbed 
energy.  The  old  ANSI  standard  (ANSI,  1974)  did  not  take 
this  fact  into  account  when  it  specified  the  exposure  limit 
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at  10  irW/cm^  for  all  frequencies  within  the  range  from  10 
MHz  to  100  GHz.  The  new  protection  guide  recently  adopted 
by  the  American  National  Standards  Institute  is  frequency 
dependent  as  shown  in  Table  I.  For  exposure  of  human  beings 
to  electromagnetic  energy  at  radiofrequencies  from  30(‘  kHz 
to  100  GHz,  the  protection  guides  are  specified  in  the  table 
in  terms  of  the  equivalent  plane-wave  free-space  power  den¬ 
sity,  and  in  terms  of  the  mean  squared  electric  (E^)  and 
magnetic  (H^)  field  strengths  as  a  function  of  frequency - 
Over  the  frequency  range  that  provides  the  greatest  pene¬ 
tration  depth  in  humans  of  all  ages  (30-300  MHz) ,  the  recom¬ 
mended  maximum  permissible  ejq;osure  has  been  lowered  by  an 
order  of  magnitude  relative  to  the  old  standard. 


Table  I.  Radio  Frequency  Protection  Guides  (ANSI,  1982) 


Frequency 

Range 

(MHz) 

Power 

Density 

(rriW/cm*) 

(V^/m^) 

H^ 

(A^/m^) 

0.3-3 

100 

400,000 

2.5 

3-30 

900/f2 

4,000 (900/f^) 

0.025 (900/f2) 

30-300 

1.0 

4,000 

0.025 

300-1500 

f/300 

4,000 (f/300) 

0.025 (f/3oo; 

1500-100,000 

5.0 

20,000 

0.125 

Note:  f  is 

the  frequency 

in  MHz. 

Since  the  patterns  of  energy  deposition  vary  with  both 
the  frequency  and  the  size  of  the  biological  target,  detect¬ 
ability  will  also  vary  greatly  at  different  frequencies.  It 
seems  clear  that  at  the  higher  frequencies  (e.g.,  30  GHz), 
where  penetration  below  the  skin  surface  is  negligible,  the 
stimulus  intensity  necessary  to  arouse  a  thermal  sensation 
will  be  little  different  from  infrared.  Indeed,  at  these 
high  frequencies,  humans  may  be  able  to  sense  radiation 
intensities  that  fall  within  the  exposure  guidelines.  Such 
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will  not  be  the  case,  however,  over  the  entire  radiofre¬ 
quency  spectrum.  We  know  that  the  lower  the  frequency,  the 
more  energy  will  be  required  to  reach  a  threshold  sensation 
and  the  longer  will  be  the  latency  to  detection.  It  shou2d 
be  possible  to  take  advantage  of  electronic  detectors  in  the 
intermediate  frequency  range  (e.g.,  S-band)  so  as  to  supple¬ 
ment  the  himan  sensory  system.  Most  such  devices  on  the 
market  today,  such  as  small  leak  detectors  for  microwave 
ovens,  are  crude  and  unreliable  and  many  are  tenperature 
dependent.  It  should  be  possible  to  manufacture  reliable 
detectors,  however,  particularly  if  the  general  public 
remains  fearful  of  radiofrequency  radiation  and  demands  such 
commercial  adjuncts.  At  the  lowest  frequencies,  where 
sensation  deteriorates  markedly,  electronic  equipment  is 
enormously  susceptible  to  the  radiation.  The  resulting 
interference  with  complex  electronics  gear,  such  as  home 
entertainment  systems,  can  serve  as  a  warning  signal  over 
this  frequency  range. 

It  is  important  to  bear  in  mind,  in  the  context  of  the 
present  discussion,  that  the  exposure  ata.idards  are  not 
related  to  what  an  individual  can  feel.  Che  standards  are 
related  to  what  is  an  acceptable  deposition  of  thermalizing 
energy  in  an  individual  relative  to  normal  rates  of  heat 
production  and  heat  dissipation.  Over  much  of  the  radiofre¬ 
quency  spectrum,  the  standard  is  set  at  ].evels  that  are 
below  what  most  would  consider  detectable  by  sensation.  A 
question  posed  to  the  panel  was  .  .  ."If  I  can  feel  it,  is 
it  injurious  to  my  health?"  While  a  definitive  answer  tc 
this  question  can  not  be  given  at  the  present  time,  an 
answer  to  a  slightly  different  question  can.  If  you  can 
feel  it,  it  almost  certainly  exceeds  the  new  e:q)osure  stan¬ 
dard  unless  the  exposure  is  very  brief. 


SOME  CHARACTERISTICS  OF  THE  THERMAL 
SENSATION  DERIVED  FROM  MICRCMAVE 
RADIATION p 

\ 

The  experimental  evidence  is  clear  that  when  a  human 
being  is  ejqjosed  to  a  microwave  field  (within  the  frequency 
range  where  there  is  at  least  10%  absorption  efficiency) , 
that  field  will  be  perceptible  at  a  power  density  in  excess 
of  50  mW/cm^.  Perceptibility  has  also  been  demonstrated  in 
several  infrahuman  species  by  many  investigators.  Percep¬ 
tibility  per  se  is  often  not  the  problem,  but  the  tenporal 
dynamics  of  the  sensation  may  be.  There  appears  to  be  a 
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dissociation  between  physical  and  psychological  time  that 
characterizes  microwave  sensation.  That  is,  there  is  a 
finite  time  during  which  the  field  is  on  before  one  per¬ 
ceives  it  and  there  is  a  finite  period  after  the  field  goes 
off  during  which  one  continues  to  feel  it.  In  other  words, 
the  temporal  boundary  of  the  sensation  is  fuzzy. 

In  this  context,  it  is  important  to  note  that  the  skin, 
even  with  its  exquisite  sensitivity,  is  a  very  poor  dis¬ 
criminator  of  cibsolute  temperature  or  steady  state  tenper- 
ature.  We  humans  get  very  poor  signals  about  the  actual 
level  of  skin  temperature  at  any  one  time.  On  the  other 
hand,  although  we  are  uncertain  about  the  underlying  pro¬ 
cesses  involved,  we  appear  t^'  be  very  sensitive  to  changes 
in  temperature,  presumably  mostly  to  the  rate  of  change  of 
temperature.  On-signals  or  off-signals  at  the  thermorecep¬ 
tor  level  are  correlated  in  some  way  with  positive  or  nega¬ 
tive  rates  of  change  of  temperature.  Whatever  these  changes 
are  will  invariably  be  much  slower  during  microwave  heating 
because  a  block  of  tissue  has  to  be  heated,  and  as  a  result 
the  thermal  gradients  that  are  created  will  be  much  softer. 
So  also  with  the  off-signal  which  will  be  created  by  the 
re-establishment  of  the  normal  thermal  gradient  in  the  tis¬ 
sues.  Thus,  purely  on  the  basis  of  the  physical  situation, 
the  e^qiectation  would  be  for  sensations  derived  from  micro- 
wave  stimuli  to  have  fuzzy  beginnings  and  ends. 

Fading  or  adaptation  of  the  sensation  derived  from  mi-cro- 
waves  may  also  occur.  One  panelist  described  an  informal 
pilot  e:q?eriment  in  which  he  participated  as  an  observer; 
its  purpose  was  to  measure  latencies  to  detection  both  for 
onset  and  offset  of  microwave-induced  sensation.  Several 
stimuli,  of  supra threshold  intensity  but  if  different  dura¬ 
tions,  were  presented  to  ■‘■he  skin  of  the  subject's  forearm. 
His  task  was  to  report  when  the  field  went  on  and  off. 
Typically,  the  onset  latency  of  the  2450  MHz  field  was  about 
5-sec  but  sometimes  the  sensation  disappeared  before  the 
field  was  extinguished.  The  subject  admitted  he  had  a  nen- 
tal  bias  that  all  presentations  would  be  of  equal  durati:>n, 
a  factor  that  may  have  contributed  to  the  premature  disap¬ 
pearance  of  his  sensations.  However,  adaptation  of  warmth 
sensation  during  the  long  ei^osures  should  not  be  ruled  out. 
On  some  occasions,  the  warmth  sensation  persisted  for  some 
time  after  the  microwaves  had  been  turned  off,  as  has  been 
reported  by  others.  In  order  to  begin  to  resolve  the  myriad 
of  unanswered  questions  about  sensations  derived  from  micro- 
wave  e^osure,  it  is  iirperative  that  ways  be  found  to  con¬ 
duct  psychophysical  studies  using  human  subjects.  A  program 
of  research  such  as  that  outlined  by  Stevens  in  Chapter  9, 
involving  several  microwave  frequencies  as  well  as  infrared. 
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would  provide  a  solid  psychophysical  basis  for  understanding 
how  temperature  reception  in  the  skin  actually  occurs. 
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It  is  my  pleasant  task  to  touch  oriefly  on  a  topic  that 
extends  beyond  the  subject  of  this  symposivun — the  deposi¬ 
tion,  detection,  and  effects  of  thermalizing  microwave 
energy  in  organisms — co  a  consideration  of  what  happens  at 
energy  levels  below  those  at  which  one  might  reasonably 
expect  heating.  Numerous  observations  have  been  recorded 
that  suggest  physiological  and  psychological  effects  at  such 
"nonthermal"  levels.  Rather  fewer  publications  have  at¬ 
tempted  to  suggest  a  mechanism  by  which  interactions  at  such 
levels  might  be  explained.  Such  attempts  usually  rely  on  a 
single  explanation.  No  one  has  considered  the  relative 
merits  of  explanations  offered  by  other  observers — in  fact, 
no  one  has  even  made  a  list  of  the  various  explanationE  that 
come  to  mind,  which  would  be  a  necessary  first  step.  Let  me 
try  to  do  at  least  that;  but  since  I  am  interested  in  the 
history  of  technology  and  the  history  of  medicine,  let  me 
first  place  the  subject  in  an  appropriate  historical  con¬ 
text. 

I  have  done  that  before  for  audiences  very  much  like  the 
present  one,  most  recently  at  the  meeting  at  the  New  York 
Academy  of  Medicine  that  some  of  you  attended  (SUsskind, 
1979)  .  By  the  way,  I  was  quite  certain  that  interest  in  my 
remarks  on  that  occasion  would  be  limited  to  the  symposium 
participants  and  did  not  even  order  reprints,  but  to  my  sur¬ 
prise  there  were  many  requests;  some  are  still  coming  in 
now,  nearly  two  years  after  the  proceedings  were  published, 
the  majority  of  them  from  behind  the  Iron  Curtain. 
Abstracts  of  papers  published  by  the  New  York  Academy  of 
Medicine  must  be  read  assiduously  from  the  Elbe  to  the 
Volga. 
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Interest  in  the  history  of  one’s  subject  is  one  thing, 
but  it  is  somewhat  unnerving  to  find  oneself  the  object  of 
historical  research.  That  has  already  happened  to  some  of 
us.  As  you  know,  an  historian  at  the  University  of  Michigan 
has  published  an  account  of  U.S.  microwave  standard  setting 
(Steneck,  et  al.,  1980)  and  siibsequently  organized  a  confer¬ 
ence  on  the  risks  and  benefits  of  microwaves  (Steneck, 
1982)  ;  and  several  of  us  have  received  his  inquiries  about 
the  beginnings  of  this  research  field.  One  has  the  subjec¬ 
tive  feeling  that  this  research  was  done  so  recently  as  to 
be  practically  contenporary;  but  on  checking  I  find  that  the 
first  publication  in  which  I  advocated  the  approach  that 
also  characterizes  the  present  syn5>osium,  a  paper  on  "Elec¬ 
tromagnetic  radiation  as  a  tool  in  the  life  sciences"  (Jaski 
and  Silsskind,  1961)  ,  appeared  in  Science  fully  twenty  years 
ago. 

I  have  no  wish  to  trespass  on  the  historical  introduction 
presented  earlier  (Chapter  1) ,  but  I  want  to  say  a  few  words 
about  what  we  may  call  the  prehistory  of  our  subject.  We 
know  that  interest  in  thermoregulation  derives  partly  from 
interest  in  the  hazards  of  microwaves,  and  partly  from  their 
positive  use  in  biomedical  research  and  therapy.  At  the 
turn  of  the  century  Tesla  (1891)  published  his  observation 
that  passage  of  high-frequency  currents  through  a  human  sub¬ 
ject  resulted  in  perceived  heating;  he  said  he  was  not  sure 
whether  it  would  be  beneficial.  In  one  sense,  that  question 
is  still  before  us  today,  ninety  years  later.  That  is,  we 
are  interested  in  a.  phenomenon  that  may  be  of  therapeutic 
value  but  may  be  dangerous  in  excessive  doses;  and  one  of 
our  jobs  is  to  dete.'.Tnine  the  equivalent  of  what  might  also 
be  called  the  risk/benefit  ratio.  By  the  way,  it  is  a  good 
thing  that  Tesla  and  his  successors  were  not  hanpered  by 
regulations  on  the  protection  of  human  subjects,  else  his 
original  observations  might  have  never  been  made.  Of 
course,  he  was  conscious  of  a  potential  problem — in  his  case 
we  may  even  say,  a  high-potential  problem  (about  a  million 
volts) .  Tesla  took  one  precaution;  he  did  all  those  exper¬ 
iments  on  himself,  and  he  noted  the  effects  of  the  various 
wave  shapes  and  other  electrical  quantities — not  only 
heating  but  also  perspiration,  blood  circulation,  even  get¬ 
ting  sleepy.  The  risk/benefit  ratio  must  have  been  all 
right,  since  he  lived  to  be  eighty-seven.  It  is  true  he  was 
a  bit  ga-ga  at  the  end,  but  wait  till  you  are  eighty-seven! 

Those  were  conduction  experiments.  Meanwhile,  D'Arsonval 
(1893)  was  doing  induction  experiments.  It  is  a  fact  that 
there  was  interest  in  the  biomedical  effects  of  radio  waves 
before  they  were  eitployed  for  communications.  Marconi's 
first  experiments  did  not  take  place  until  1895;  his  basic 
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patcr.t  dates  from  1896.  Yet  in  1893  D'Arsonval  was  irradi¬ 
ating  people  for  therapeutic  purposes  ar.d  carrying  out  con¬ 
trolled  e^eriments  on  groups  of  patients — and  also  on 
bacteria  and  on  several  toxins.  He  was  far  ahead  of  his 
time,  a  true  pioneer.  That  is  why  the  recently  formed 
Bioelectromagnetics  Society  first  wanted  to  call  itself  the 
D'Arsonval  Society,  but  unfortunately  decided  otherwise. 

I  need  not  rehearse  for  you  the  subsequent  history — the 
advent  of  diatherny,  the  uses  of  high-frequency  currents  in 
surgery,  the  worries  about  the  hazards  of  microwaves  begin¬ 
ning  with  the  war  of  1939-1945,  and  the  more  recent  tech¬ 
niques  of  enhancing  Lhv.  therapeutic  effects  of  ionizing 
radiation  by  simultaneous  irradiation  with  microwaves.  Nor 
is  interest  in  the  thermal  effects  of  microwaves  limited  to 
hiaman  beings.  An  entire  industjry  has  grown  up  concerned 
with  materials  processing  and  treatment,  including  cooking. 
The  advent  of  microwave  ovens,  of  which  millions  are  now 
sold  in  the  USA  each  year,  also  served  to  revive  concern 
with  the  hazards  of  nonionizing  radiation  and  played  a  major 
part  in  the  passage  of  our  Radiation  Control  for  Health  and 
Safety  Act  of  1968.  So  microwave  heating  is  a  daily  concern 
to  industrial  specialists,  to  be  sure  in  vitro.  At  least  I 
hope  none  of  you  has  tried  in  vivo  experiments  in  your 
microwave  oven,  like  the  lady  we  have  all  read  about  who 
gave  her  toy  pood]e  a  shampoo  and  tried  to  dry  him  in  a 
microwave  oven.  She  created  an  explosive  situation. 

Why  should  we  be  interested  in  the  "nonthermal"  effects 
when  nonionizing  energy  at  thermalizing  levels  is  of  growing 
inportance  both  in  practical  applications  and  in  basic 
research?  ("Nonthermal"  is  an  iitperfect  descriptor,  since 
there  may  be  thermal  effects  on  the  microscopic  and  molecu¬ 
lar  scales  that  do  not  result  in  bulk  heating;  the  term 
"subtle"  introduced  by  Lovely  in  Chapter  20  of  this  volusne 
is  better.)  To  begin  with,  we  are  interested  xn  these  ef¬ 
fects  for  the  same  reasons  we  concern  ourselves  with  ther¬ 
malizing  effects:  bcv-ause  of  their  practical  iirportance 
(especially  as  possible  hazards)  and  because  of  their 
potential  as  research  tools.  Many  investigators  have  tried 
to  demonstrate  effects  at  progressively  lower  levels.  For  a 
time,  it  seemed  almost  like  a  competition:  no  sooner  would 
someone  show  an  effect  below  10  iriW/cm^ — say,  at  1  mW/cm^ 
— than  someone  else  would  show  one  at  0.1  iriW/cm^.  The  lit¬ 
erature  of  these  subtle  effects  is  enormous,  in  several 
languages,  especially  Russian.  Many  of  the  underlying 
studies  are  summarized  in  a  book  translated  from  the  Czech 
(Marha,  et  al. ,  1971) . 

So  the  prime  motivation  for  research  in  this  field  comes 
from  possible  hazards;  and  the  second,  which  corresponds  to 
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the  concerns  of  the  present  symposium,  from  the  hope  that 
low-level  nonionizing  radiation  might  also  prove  to  be  a 
useful  tool  in  elucidating  the  behavior  of  organisms.  I 
would  go  even  further  in  this  direction  and  echo  the  hope 
ejqjressed  in  the  aforementioned  paper  of  twenty  years  ago 
(Jaski  and  Slisskind,  1961)  that  we  might  learn  something  in 
that  way  not  only  about  the  behavior  of  organisms  but  also 
about  their  basic  nature;  that  low-level  nonionizing  radia¬ 
tion  might  be  used  not  only  in  the  study  of  organs  but  also 
of  cellular  and  subcellular  phenomena,  and  help  show  us  how 
they  work. 

But  there  is  a  third  reason  as  well,  which  derives  from 
the  siniple  fact  that  low-level  effects  must  be  present 
during  high-level  irradiation,  even  though  they  may  be 
masked  by  the  more  obvious  thermal  effects  of  such  irradia¬ 
tion.  In  this  regard,  I  find  it  highly  suggestive,  that  some 
of  the  low-level  effects  can  be  demonstrated  only  when  the 
irradiation  is  above — and  sometimes  well  above — 10  mW/cm^. 
For  exanple,  in  a  series  of  experiments  we  did  on  mice  some 
years  ago,  autopsies  showed  that  there  were  some  anomalies 
among  the  irradiated  animals — not  many,  just  a  few  per  cent, 
but  there  were  some  malignancies  that  did  not  show  up  among 
the  controls  (Prausnitz  and  Susskind,  1962) .  On  the  other 
hand,  the  irradiated  group  showed  greater  longevity  than  the 
controls.  This  finding  puzzled  us — no  one  had  previously 
proposed  that  microwaves  might  be  a  Good  Thing — but  it  has 
been  since  confirmed  by  Don  Justesen  and  his  group  (Pres- 
korn,  at  al.,  1978). 

As  another  example,  consider  the  survey  of  the  terato- 
genetic  effects  of  nonionizing  radiation  made  by  Mary  Ellen 
O'Connor  (1980).  Almost  every  effect  reported  showed  up 
only  when  the  irradiation  was  above  10  mW/cm^.  Now  if  we 
take  this  nximber,  or  something  like  it,  as  a  measure  of  what 
is  thermal  and  what  is  nonthermal,  as  a  sort  of  boundary 
between  these  two  concepts,  we  see  at  once  that  we  cannot 
regard  the  matter  in  such  simplistic  terms.  A  teratogenetic 
effect  might  not  be  a  priori  considered  to  be  a  thermal 
effect;  but  if  we  only  observe  it  at  intensities  we  asso¬ 
ciate  with  thermal  effects,  what  should  we  call  it?  The 
boundary  is  not  sharp — it  is  quite  fuzzy;  and  some  of  the 
thinking  about  it  tends  to  be  fuzzy,  too. 

As  mentioned,  there  is  not  only  no  consensus  cibout  the 
mechanisms  by  which  the  low-level  effects  could  be  taking 
place,  no  one  has  even  taken  a  systematic  look  at  the  vari¬ 
ous  possibilities.  So  the  first  step  would  be  to  let  our 
imaginations  soar,  put  down  anything  we  can  think  of,  and 
subject  each  item  on  the  list  to  theoretical  analysis;  and 
if  it  survives  analysis,  examine  the  remaining  possibilities 
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experimentally.  It  is  rational  to  demand  that  e^eriment 
should  be  guided  by  theory;  if  it  is  not,  one  is  proceeding 
by  trial  and  error  and  the  probability  of  success  is  reduced 
to  what  is  to  be  expected  from  fortuitous  observation.  Yet 
our  funding  agencies  seem  uninterested  in  such  a  rational 
approach.  At  least,  when  I  proposed  it  to  the  National 
Institutes  of  Health,  the  proposal  was  dismissed  out  of 
hand;  it  did  not  even  go  to  one  of  the  Institutes  for  review 
by  a  study  group.  I  was  brusquely  told  that  a  theoretical 
study  such  as  I  proposed  was  an  assessment,  not  research, 
and  hence  outside  NIH's  province.  But  let  us  look  at  it, 
anyway . 

One  can  approach  the  problem  either  as  a  physicist  would, 
or  as  a  biologist — or  both.  A  physicist  might  ask:  are  we 
dealing  with  resonant  or  nonresonant  absorption?  That  is, 
are  the  phenomena  highly  frequency  dependent?  And  are  they 
truly  absorption  or  are  they  perhaps  inductive  phenomena? 
How  do  they  relate  to  material  in  the  liquid  state — which  in 
turn  may  have  varying  degrees  of  order,  extending  perhaps  to 
a  variety  of  solid-state  behaviors? 

Or  one  could  look  at  it  like  a  biologist  and  classify  the 
phenomena  according  to  the  various  levels  of  biological 
organization  at  which  such  interactions  may  occur.  That  is, 
the  site  of  the  interaction  could  be  at  the  molecular, 
macromolecular ,  or  molecular-aggregate  levels;  it  could  be 
at  the  membrane,  subcellular,  cellular,  or  possibly  higher 
biological  levels,  all  the  way  up  to  systemic.  Right  away, 
such  a  correlation  would  facilitate  the  analysis  of  any 
mechanisms  that  are  proposed.  The  goal  would  be  eventually 
to  relate  the  mechanisms  to  specific  biological  effects.  In 
other  words,  one  would  focus  first  on  the  physical  changes 
that  may  result  from  irradiation,  and  then  evaluate  the  bio¬ 
logical  consequences . 

What  are  some  of  these  mechanisms,  mechanisms  that  have 
been  proposed,  and  others  that  may  occur  to  us  as  we  go 
along?  One  of  the  difficulties,  as  I  have  already  sug¬ 
gested,  is  that  a  low-level  effect  may  be  masked  by  a  high- 
level  effect.  The  low-level  effect  does  not  become  apparent 
until  the  field  is  strong  enough  to  produce  heating.  People 
worry  about  long-term  effects  of  even  slight  amounts  of 
heating — and  it  is  true  we  do  not  know  yet  what  a  chronic 
rise  of,  say,  1°C  in  the  body  temperature  may  portend — and 
this  heating  then  tends  to  mask  the  lc./-level  effect,  not 
only  in  a  physical  sense  but  also  in  our  thinking.  So  we 
have  to  be  extra  clever  to  know  how  to  go  about  it,  how  to 
propose  means  of  testing  whether  one  or  another  mechanism  is 
responsible  for  effects  that  might  be  buried  under  a  mass  of 
the  effects  of  heating. 
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Of  course  heating  itself  is  a  mechanism;  it  is  in  fact 
the  classical  mechanism.  Dielectric  heating  was  observed 
even  before  there  was  much  in  the  way  of  dielectric  theory: 
the  effect  was  known  bf  Core  the  mechanism  was  understood. 
The  same  goes  for  dielectric  forces  and,  for  that  matter, 
for  magnetic  effects  that  have  been  known  for  some  time, 
such  as  the  behavior  of  homing  pigeons.  Homing  pigeons  have 
been  used  for  a  long  time — look  up  the  history  of  the  U.S. 
Army  Signal  Corps — but  it  is  only  recently  that  traces  of 
permanently  magnetized  materials  were  discovered  in  pigeons, 
and  bees,  even  bacteria.  So  dielectric  heating,  dielectric 
forces,  and  permanent  magnetism  are  our  "classical"  mecha¬ 
nisms.  And  then  we  can  look  at  a  range  of  other  mechanisms 
that  we  shall  call  "semiclassical" .  They  would  include  for 
example  the  various  models  that  have  been  offered  to  explain 
the  calcium  efflux  experiments.  These  are  mechanisms  in 
which  extraordinarily  weak  fields  may  trigger  long-range 
cooperative  processes.  I  am  using  the  terms  "classical"  and 
"semiclassical"  as  a  physicist  would,  in  distinction  from 
modern  physics.  There  may  well  be  mechanisms  that  could 
have  a  basis  only  in  modern  physics — in  quantum  mechanics. 
That  is,  there  is  a  class  of  possible  mechanisms  in  which  it 
is  postulated  that  very  weak  electric  and  magnetic  fields 
could  induce  raacroscopically  significant  effects  by  one  of 
two  possibilities:  either  a  long-range,  quantum- 
mechanically  cooperative  interaction;  or  by  the  elicitation 
of  a  quasi-resonance  mode  over  a  narrow  range  of  special 
frequencies.  Relatively  little  attention  has  been  paid  to 
date  to  such  mechanisms  as  superconductivity  at  room  temper¬ 
ature;  to  quantized  magnetic  flux;  to  tunneling  through 
energy  barriers;  to  semiconductivity  and  other  solid-state 
behavior.  The  literature  of  this  field  is  scant  and  highly 
speculative,  but  it  is  entirely  possible  that  one  of  these 
mechanisms  may  prove  to  be  the  relevant  one  in  the  end. 

It  may  be  difficult  to  obtain  support  for  the  investi¬ 
gation  of  one  of  a  long  list  of  putative  mechanisms  if  we  do 
not  know  in  advance  which  one,  but  there  is  one  area  of  some 
practical  interest:  the  mechanism  of  fields  at  very  low 
frequencies,  below  100  Hz.  There  is  public  concern  with 
high-voltage  transmission  at  50-60  Hz,  and  with  extremely 
low  frequency  (ELF)  communication  systems.  I  am  not  sug¬ 
gesting  that  a  scientist  should  concentrate  on  a  particular 
field  simply  because  funding  for  it  is  available — although 
it  is  surprising  how  wonderfully  it  concentrates  his  mind. 
When  the  National  Cancer  Institute  first  announced  it  would 
support  studies  of  symbiotic  relationships  between  ionizing 
and  nonionizing  radiation,  it  is  said  to  have  received 
several  thousand  proposals.  Yet  there  are  perfectly  valid 
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scientific  reasons  to  look  at  low-frequency  radiation  very 
carefully.  For  one  thing,  many  electrophysiological  pheno¬ 
mena  take  place  at  low  frequencies,  including  nerve  conduc¬ 
tion  and  EEG  rhythms.  Then  there  are  various  well- 
established  ejqjerimental  observations,  including  field- 
induced  magneto-phosphenes ,  calcium  efflux  that  I  have 
already  mentioned,  and  possibly  some  of  the  more  respectable 
behavioral  studies.  There  is  the  further  observation  that 
microwave  or  at  least  uhf  radiation  when  modulated  by  low 
frequencies  becomes  a  way  of  getting  the  low  frequencies 
into  the  organism;  the  microwaves  then  act  as  a  carrier  of 
the  low  frequencies  of  interest.  So  here  is  a  good  example 
of  low-level  nonionizing  radiation  used  as  a  tool  for  scien¬ 
tific  investigation,  especially  at  the  membrane  level.  We 
certainly  need  to  kiiow  more  about  membranes,  and  if  our 
leaders  propose  to  justify  paying  for  it  because  some 
farmers  in  Wisconsin  are  worried  about  their  cows  grazing  on 
top  of  buried  antennas,  who  are  we  to  argue? 

What  we  are  up  against  may  ultimately  come  down  to 
various  ways  of  making  measurements — the  various  ways  in 
which  an  unknown  quantity  may  be  measured  to  provide  some 
assurance  of  independent  confirmation.  That  brings  to  mind 
the  story  told  by  Barney  Oliver  when  he  was  in  charge  of 
research  at  the  Hewlett-Packard  Co.  and  also  served  as 
president  of  the  Institute  of  Electrical  and  Electronics 
Engineers.  It  seems  a  student  who  had  not  done  well  in  a 
physics  examination  importuned  the  professor  into  giving  him 
one  more  chance — a  make-up  examination  on  which  the  grade 
would  turn,  and  consisting  of  just  one  question.  The  pro¬ 
fessor  agreed,  and  set  the.  following  problem:  given  a 
building  and  a  barometer,  how  can  one  measure  the  height  of 
the  building?  The  student  sat  and  sat,  staring  at  the  blank 
paper;  and  when  only  ten  minutes  remained  of  the  examination 
period,  the  professor  said,  "Well,  I  see  you  can't  work  out 
the  answer  even  to  this  one  simple  question,  so  hadn't  we 
best  forget  about  a  better  grade?"  It  wasn't  that,  said  the 
student,  he  had  thought  of  several  answers,  but  could  not 
decide  which  was  the  best.  Put  them  all  down,  said  the 
professor;  and  that  is  what  the  student  did.  One  way,  he 
wrote,  would  be  to  take  the  barometer  to  the  top  of  the 
building,  drop  it  to  the  ground,  and  with  a  stopwatch  time 
the  period  of  the  fall,  from  which  tne  height  of  the 
building  could  be  readily  computed. — A  second  way  would  be 
to  go  out  on  a  sunny  day,  measure  the  height  of  the  baro¬ 
meter  and  the  length  of  its  shadow,  and  the  length  of  the 
building's  shadow,  and  compute  the  height  of  the  building 
from  simple  proportionality. — In  a  third  way,  one  could 
suspend  the  barometer  from  a  known  length  of  string  like  a 
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pendulum  and  time  the  period  of  the  pendulum,  both  on  the 
ground  and  at  the  top  of  the  building,  which  would  lead  to 
two  different  values  of  the  gravitational  constant,  from 
which  the  height  of  the  building  could  be  computed. — Or,  one 
could  mark  off  the  known  height  of  the  barometer  on  the  wall 
of  the  stairwell  and  continue  doing  it  as  he  went  up  the 
stairs;  then,  by  counting  the  number  of  marks  and  multi¬ 
plying  the  barometer  height  by  it,  one  would  arrive  at  the 
building's  height. — Finally,  how  cibout  finding  the  superin¬ 
tendent  in  the  basement,  and  telling  him,  "Look,  I  have  this 
fine  barometer — if  you  will  tell  me  the  height  of  the  buil¬ 
ding,  you  can  have  the  instrument!" 

We  have  imaginative  students  like  that  at  Berkeley,  and 
not  long  ago  I  said  to  one  of  them,  Ross  Flewelling,  suppose 
you  were  asked  to  deal  with  the  question,  how  may  weak  elec¬ 
tric  and  magnetic  fields  interact  significantly  with  bio¬ 
logical  systems?  Say  we  shall  stay  below  10  mW/cm^  and 
below  100  V/m — quite  a  bit  below:  in  tissue,  we  could  go  as 
low  as  1  liV/m;  and  between  microwave  frequencies  and  dc. 
Mr.  Flewelling  disappeared  for  a  couple  of  weeks,  and  when 
he  came  back,  he  had  a  little  list. 

First  of  all,  he  said,  there  is  macro  heat  deposition; 
that  is,  dielectric  relaxation,  dielectric  resonant  absorp¬ 
tion,  and  various  reflection  and  refraction  effects  such  as 
hot  spots  in  the  human  body  (Cleary,  1973,  1977,  1978; 
Johnson  and  Guy,  1972;  Schwan,  1957,  1978) .  Second,  micro 
heat  deposition;  micro  thermal  gradients,  effects  on 
oi.dered  systems,  and  effects  of  heat  on  osmosis,  on  elasti¬ 
city,  thermoelectric  and  thermo-acoustic  effects  (Frey, 
1971;  Seaman,  1977;  Schwan,  1978;  Straub,  1978).  Third, 
there  are  the  effects  of  induced  viurrents — ionic  effects  and 
effects  such  as  polarization  (Barahski  and  Czerski,  1976; 
Frey,  1971;  Little,  1977;  Wachtel,  et  al.,  1975).  Fourth, 
we  have  biopolymer  interactions;  relaxation,  resonance  due 
to  vibration  and  rotation,  charge  transfer,  and  tunneling 
effects  (Barnothy,  1964;  Cleary,  1973,  1977,  1978;  Dubrov, 
1978;  Frey,  1971;  Iliinger,  1970,  1974;  Lbwdin,  1963;  Pres- 
man,  1970;  Prohofsky,  1978;  Schwan,  1977;  Straub,  1978; 
Takashima,  1966) .  Fifth,  there  are  the  field-induced 
forces,  forces  that  play  a  part  in  orientation,  deformation, 
movement,  destruction;  macro  and  micro  dielectric  forces; 
dielectrophoresis;  coordinated  induced-dipole  interactions; 
and  magnetomotive  and  electromotive  forces  (Barnothy,  1964; 
Cleary,  1973,  1977;  Frey,  1971;  Schwan  and  Foster,  1980; 
Straub,  1978;  Stuchly,  1979) .  Sixth,  we  should  look  at 
special  magnetic  and  electric  characteristics,  not  only  dia¬ 
magnetism,  paramagnetism,  and  ferromagnetism,  but  also  anti¬ 
ferromagnetic  states,  electrets,  magnetoelastic  and 
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magnetostrictive  effects;  at  pyroelectricity  and  piezo¬ 
electricity,  at  magnetoconductivity.  Hall  effect,  cyclotron 
resonance,  and  a  couple  of  others  (Barnothy,  1964;  Dubrov, 
1978;  Frey,  1971;  Grodsky,  1975,  1976;  Tanner  and  Romero- 
Sierra,  1970) .  Seventh,  there  are  the  membrane  inter¬ 
actions:  their  role  in  action  potentials,  in  synaptic 
activity,  vesicle  fusion,  receptors,  axonal  transport  and 
the  various  transmitters,  channels,  and  pumps;  and  of  course 
effects  on  membrane  structure  and  order  (Barahski,  et  al., 
1974;  Barnes  and  Hu,  1977;  Bawin,  et  al.,  1978;  Frey,  1971; 
Grodsky,  1975,  1976;  Schwan,  1977,  1978;  Schwan  and  Foster, 
1980;  Straub,  1978;  Wachtel,  et  al.,  1975).  And  eighth, 
there  are  cooperative  processes  like  those  related  to  ferro¬ 
electric  and  ferromagnetic  effects,  nonlinear  oscillations, 
and  limit  cycles  (Bawin,  et  al.,  1978;  FrShlich,  1977,  1980; 
Grodsky,  1975,  1976;  Kaczmarek,  1977;  Kaiser,  1978;  Schwan 
and  Foster,  1980;  Schwartz,  1970;  Taylor,  1981) . 

Well,  Mr.  Flewelling,  I  said,  is  that  all? 

Not  really,  he  said.  I  left  out  the  Zeeman  effect  and 
the  Stark  effect,  because  they  would  almost  certainly  come 
in  only  at  the  very  highest  field  strengths.  And  I  suppose 
we  should  really  look  at  the  whole  question  of  the  role  of 
water,  and  possibly  synergistic  effects  with  ionizing  radi¬ 
ation  and  with  other  fields,  such  as  biofields  and  gravity. 
And  then  there  are  some  possible  effects  or  mechanisms  that 
are  so  far  out  we  could  call  them  Exotic  Mechanisms;  you 
want  to  hear  about  Exotic  Mechanisms? 

Such  as? 

Well,  thin-film  effects,  and  liquid- crystal  effects,  and 
coherent  vibrations,  solitons,  surface  plasmas,  superconduc¬ 
tivity,  tachyons  (Beischer,  1971;  Cope,  1973,  1976,  1979; 
Dubrov,  1978;  Frey,  1971;  Grodsky,  1977;  Little,  1977; 
Straub,  1978;  Taylor,  1981) ....  I  finally  had  to  stop 
him — I  did  not^dare  to  ask  him  how  he  would  measure  the 
height  of  a  building  with  nothing  but  a  barometer — but 
wouldn't  it  be  nice  if  funding  were  available  to  follow  up 
some  of  these  ideas? 
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Skin  blood  flow  works  in  tandem  with  sweating  to  elimi¬ 
nate  heat  from  the  body  core,  since  skin  blood  flow  carries 
heat  to  the  skin  surface,  where  it  is  dissipated  by  evapora¬ 
tion  of  sweat.  Moreover,  the  skin  itself  is  a  large  organ 
whose  blood  vessels  drain  into  a  large  and  compliant  venous 
bed.  All  these  factors  play  a  major  role  in  the  circulatory 
consequences  of  heat  stress  in  sweating  animals. 

From  the  perspective  of  heat  balance  in  an  animal,  the 
law  of  conservation  of  energy  may  be  e:q)ressed  as 

M  =  E  +  R  +  C  (1) 

in  which  M  =  metabolic  energy  production,  and  E,  R,  and  C 
are  heat  lost  to  the  environment  by  evaporation,  radiation, 
and  convection  respectively.  If  the  organism  gains  heat 
from  the  environment  by  any  of  the  foregoing  routes,  the 
corresponding  term  is  negative.  (For  a  more  conplete  dis¬ 
cussion  see  Chapters  2  and  7) . 

By  Newton's  law  of  cooling,  R  is  proportional  to  the  ‘dif¬ 
ference  between  skin  tenperature  mean  radiant  tem¬ 

perature  of  the  environment  (T  ) ,  and  C  is  proportional  to 
the  difference  between  T  and  air  temperature  (T  ) ; 

SX  Si 

R  =  h  ‘A* (T  ,  -T  )  (2) 

r  sk  r 

and 

C  =  h^-A-  <3) 
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Figure  1.  Effect  of  local  skin  temperature  on  sweat 
rate.  The  lines  show  tne  relation  of  chest  sweating  rate  to 
esophageal  teitperature  during  leg  exercise,  whan  chest  skin 
temperature  at  tiie  site  of  sweat  rate  measurements  was  25.0, 
30.3,  and  37.6  °C.  Ambient  tenperature  =  26  ®C,  and  whole- 
body  mean  skin  tenperature  (T  )  =  31  °C.  Modified  from 
Nadel,  et  al .  (1971b).  ® 


where  h  and  h  are  the  respective  heat  transfer  coeffi¬ 
cients,  and  A  =  surface  area.  Thus,  the  organism  can  con¬ 
trol  R  cind  C  by  altering  T  by  adjustment  of  skin  blood 
flow  (SkBF)  :  increasing  Sk^  brings  T  nearer  to  blood 
temperature,  and  decreasing  SkBF  brings  il.  nearer  to  ambient 
tenperature .  In  a  thermoneutral  environment,  a  resting 
human  can  maintain  heat  balance  solely  by  adjusting  R  and  C 
through  the  control  of  SkBF.  If  the  environment  is  so  warm, 
or  M  so  great  (as  during  exercise) ,  that  these  means  are  not 
sufficient  to  maintain  heat  balance,  sweating  begins. 
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Figure  2.  Relation  of  total  evaporative  heat  loss  (an 
index  of  whole-body  sweat  rate)  to  internal  (T.  )  and  mean 
skin  (T  )  teui/eratures .  Data  were  obtained  at  ^steady  state 
during  ® resting  heat  exposure  (squares)  cuid  exercise 
(circles)  in  a  wide  range  of  ambient  ten^eratures .  Solid 
lines  are  calculated  from  E  =  [197  (T.  -  36.7  ®C)  +  23  (T 

(T  -  34  0  °C)  /lO  ^ 
-  34.0  °C)  ]  •  e  s  J  .  In  this  equation,  the 

weighted  sum  of  T.  and  T  represents  the  sympathetic  ner¬ 
vous  signal  to  the  sweat  glands,  and  the  exponential  factor 
represents  the  effect  of  local  temperature  on  sweat  gland 
response.  From  Nadel  et  al.  (197ia) ,  with  permission  of  the 
American  Physiological  Society. 


THERMOREGULATORY  RESPONSES 


Sweating 

Evaporation  of  1  liter  of  sweat  removes  2,426  kJ  as 
la\:ent  heat  of  evaporation  (Wenger,  1972)  .  Typical  maximum 
rates  of  sweating  are  2-3  liters /h  and  10-15  liters/day. 
(For  conparison,  it  is  hard  to  attain  a  metabolic  heat  pro¬ 
duction  greater  than  about  550  W,  viz.  1,980  kJ/h.)  Thermo¬ 
regulatory  sweat  in  human  beings  is  secreted  by  about 
3,000,000  eccrine  sweat  glands,  which  have  a  cholinergic 
synpathetic  innervation,  and  are  widely  distributed  over  the 
skin  surface  (Montagna,  et  al.,  1962). 

The  synpathetic  signal  to  the  sweat  glands  is  controlled 
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according  to  a)  body  core  temperature,  whose  defense  is  the 

function  of  thermoregulation,  and  b)  a  weighted  average  of 

skin  tenperature  over  the  body  (T  ,  )  ,  which  provides  an 

index  of  the  environmental  thermal  stress  (cf .  Chapter  7)  . 

Esophageal  temperature  (T  )  is  a  convenient  index  which 

responds  rapidly  to  cheinges  in  core  tenperature,  and  was 

used  in  most  of  the  experiments  presented  in  this  chapter. 

The  reflex  signal  can  be  expressed  as  a  linear  combination 

of  T  and  T  ,  ,  with  T  weighted  about  9  times  as  heavily 
""©s  sic  ©s  ^  ^ 

as  T  (Nadel,  et  al.,  1971a).  Furthermore,  the  warmer  the 

sweat  glands  are ,  the  greater  is  their  response  to  sympa¬ 
thetic  stimulation  (Fig.  1) .  Thus  the  overall  sweating 
response  to  T  and  T^^^,  including  both  local  and  reflex 
effects  of  is  an  summarized  in  Fig.  2,  which  presents 

measurements  made  both  during  leg  exercise  and  during  rest. 
As  the  figure  indicates,  the  relation  of  sweating  rate  to 
T  and  T  .  is  unaffected  by  leg  exercise  (Stolwijk  and 
Ntiel,  197ff.  By  contrast,  Tam,  et  al.  (1978)  reported  that 
sweating  rate  during  arm  exercise  is  higher  than  during  rest 
at  the  same  internal  and  mean  skin  tenperatures .  Since 
arterial  blood  pressure  is  substantially  higher  during  arm 
exercise  than  during  leg  exercise  (Astrand,  et  al . ,  1965), 
it  is  likely  that  non-thermal  activation  of  the  synpathetic 
nervous  system  accounts  for  part  of  the  sweating  response 
during  arm  exercise. 


Skin  Blood  Flow 

In  a  cool  or  thermoneutral  environment,  the  body  controls 
R  +  C  by  varying  SkBF  and  thus  T  ,  as  ncted  above.  When 
the  heat  stress  is  so  great  that  this  mechanism  is  not 
enough  to  maintain  heat  balance,  sweating  begins.  SkBF  con¬ 
tinues  to  rise  under  these  conditions,  but  now  serves  to 
deliver  to  the  skin  the  heat  which  is  being  removed  by  evap¬ 
oration  of  sweat,  so  that  undergoes  little  furtner 
change. 

Sympathetic  control  of  SkBF  is  not  uniform  over  the  whole 
body;  skin  arterioles  in  the  hands,  feet,  ears,  and  nose 
receive  only  constrictor  nerves,  whereas  skin  arterioles  in 
most  other  places  also  receive  dilator  nerves  (Fox  and 
Edholm,  1963) .  Since  forearm  skin  receives  both  constrictor 
and  dilator  nerves,  and  since  forearm  blood  flow  (FBF)  can 
be  measured  readily  by  venous  occlusion  plethysmography,  FBF 
is  commonly  used  as  an  index  of  SkBF.  Fig.  3  shows  the 
relation  of  FBF  to  T  during  exercise,  at  two  levels  of 
T^j^.  The  relationships  seen  in  Fig.  3  are  probably  not 
greatly  affected  by  the  use  of  exercise  to  raise  T 

es 
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Figure.  3.  Relation  of  forearm  blood  flow  to  esophageal 
temperature  (T  )  daring  cycle  exercise  in  ambient  tempera¬ 
tures  of  15  (open  circles)  and  35  ®C  (filled  circles)  ,  with 
mean  skin  temperatures  (T  )  of  30.3  and  35.5  °C  respec¬ 
tively.  Forearm  skin  temperature  was  kept  at  36.8  °C  during 
these  experiments.  From  Wenger,  et  al.  (1975),  with  permis- 
1  sion  of  the  American  Physiological  Society. 


Although  the  FBF:T  relation  is  altered  by  exercise  at  T  ^ 
of  38  ®C  (Johnson,  al.,  1974a),  in  cooler  conditions  tEe 
FBF:T  relationship  during  submaiiimal  exercise  is  the  same 
as  during  recovery  (Roberts  and  Wenger,  1979).  Furthermore, 
Nielsen  and  Nielsen  (1965)  reported  that  at  any  given 
steady-state  internal  and  mean  skin  temperatures,  SkBF 
(estimated  from  whole-body  thermal  conductance)  and  sweating 
rates  were  the  same  during  leg  exercise  as  during  passive 
heating  by  diathermy. 

During  the  experiments  shown  in  Fig.  3,  forearm  skin 
temperature  was  kept  at  36.8  ®C,  whatever  the  level  of 
so  that  unlike  Fig.  2,  Fig.  3  shows  only  the  reflex  effect 
of  skin  temperature.  The  reflex  control  cf  FBF,  like  that 
of  sweating,  can  be  approximated  mathematically  by  a  linear 
combination  of  T  and  T  ,  ,  with  T  weighted  about  10  times 
as  heavily  as  "t  (Wenger,  et  al.,  ^975).  This  close  simi¬ 

larity  is  just  what  we  should  e^^ect  from  the  tandem 
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LEFT  FOREARM  BLOOD  FLOW 
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Figure  4.  Effect  of  local  temperature  on  forearm  blood 
flow  (FBF)  during  cycle  exercise.  The  plotted  points  show 
the  relation  of  FBF  in  the  right  arm  to  FBF  measured  simul¬ 
taneously  in  the  left  arm.  Skin  of  the  left  forearm  was 
always  kept  at  33  "C,  and  skin  of  the  right  forearm  was  kept 
at  either  27  “C  (filled  circles)  or  39  "C  (open  circles) . 
If  there  were  no  effect  of  local  temperature,  plotted  points 
would  lie  on  the  line  of  identity,  the  45°  line  passing 
through  the  origin. 


operation  of  SkBF  and  sweating  during  heat  stress.  As  witli 
sweat  glands,  the  response  of  the  skin  arterioles  to 
sympathetic  stimulation  depends  on  local  skin  temperature, 
as  seen  in  Fig.  4.  If  the  forearm  is  cooled  to  27  °C,  the 
sensitivity  of  the  arterioles  decreases,  paralleling  the 
effecr  of  local  temperature  on  sweating  seen  in  Fig.  1;  if 
the  forearm  is  heated  to  39  °C,  however,  the  effect  of  local 
heating  on  forearm  b.iood  flow  seems  to  be  added  to  the 
effect  of  sympathetic  stimulation,  rather  than  modifying  the 
sensitivity  of  the  skin  arterioles  to  sympathetic  stimula¬ 
tion. 

During  heat  stress,  cardiac  output  and  myocardial  work 
must  increase  substantially  to  bring  about  the  accompanying 
increases  in  SkBF.  Patients  with  impaired  myocardial 
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function  may  tolerate  this  load  poorly  (Berenson  and  Burch, 
1952;  Burch  and  Miller,  1969),  but  as  a  factor  limiting  heat 
tolerance  in  the  young  vand  healthy,  this  effect  is  less 
important  than  impairment  of  cardiac  filling  secondary  to 
peripheral  pooling  of  blood  (Rowell,  1977) ,  which  is  dis¬ 
cussed  below. 


Capacity  of  Superficial  Veins 

The  limbs  have  a  dual  venous  drainage,  consisting  of  a) 
superficial  veins,  which  lie  in  the  svibcutaneous  tissue  and 
receive  blood  primarily  from  the  skin,  and  b)  deep  veins, 
which  receive  blood  primarily  from  muscle.  However,  the 
superficial  and  deep  veins  are  connected  with  each  other  by 
many  penetrating  veins,  so  that  potentially  blood  from  any¬ 
where  in  the  limbs  can  return  to  the  heart  via  either  super¬ 
ficial  or  deep  veins.  Although  the  deep  veins  have  a  rela¬ 
tively  poor  synjiathetic  innervation  (Webb-Peploe  and 
Shepherd,  1968b) ,  the  superficial  veins  are  well  inner>/ated, 
and  constrict  in  response  to  cooling  the  body  core  (Webb- 
Peploe  and  Shepherd,  1968a) .  Dilation  of  the  superficial 
veins  will  favor  return  of  venous  blood  from  the  limbs  to 
the  heart  via  the  superficial  veins,  and  is*  thus  equivalent 
to  an  increase  in  SkBF;  constriction  of  the  superficial 
veins  will  have  the  opposite  effect.  Since  the  superficial 
tissues  are  coolet  than  the  tissues  deeper  in  the  liitib, 
these  veins  can  play  a  role  in  maintaining  heat  balance, 
favoring  heat  conservation  when  they  are  constricted,  and 
heat  loss  when  they  are  dilated  (Goetz,  1950) ,  The  thermo¬ 
regulatory  role  of  the  superficial  veins  is  probably  roost 
inportant  in  and  near  the  therraoneutral  range,  since  they 
are  well  dilated  in  subjects  who  are  not  uncomfortably  warm 
(Thauer,  1965) . 

Forearm  venous  volume  (FW) ,  which  can  be  measured  easily 
by  venous  occlusion  plethysmography  (Wenger  and  Roberts, 
1980) ,  is  a  useful  index  of  the  conpliance  of  the  superfi¬ 
cial  veins  and  is  inversely  related  to  their  tone  (i.e.,  the 
activity  of  their  smooth  muscle)  .  FW  is  measured  in  a 
forearm  which  is  elevated  above  shoulder  level,  so  that  its 
veins  can  drain  freely  by  gravity.  Forearm  volume  is 
measured  with  a  Whitney  mercury-in-silicone-rubber  strain 
gauge,  and  the  forearm  veins  are  periodically  congested  to  a 
certain  pressure  (e.g.,  about  19  Torr)  by  inflation  of  a 
pneumatic  cuff  surrounding  the  arm  proximal  to  the  gauge. 
FW  is  taken  as  the  difference  in  forearm  volume  between  the 
congested  and  uncongested  states. 

Figures  5  and  6  show  how  FW  may  be  influenced  by 
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Figure  5.  Effect  of  esophageal  (T^g)  and  mean  skin 
temperatures  on  forearm  venous  volume  (FW) .  Triangles : 

ambient  temperature  (T  )  =  15  "C.  Circles:  T  =  25  °C. 
Squares:  T  =  35  °C.  Each  symbol  shape  includes  data  from 
two  duplicate  experiments,  one  of  which  is  indicated  by  open 
symbols  and  the  other  by  filled  symbols.  Each  experiment 
began  with  a  state  of  near-maximal  venoconstriction  attained 
by  eating  ice.  From  Wenger  and  Roberts  (1980) ,  with  permis¬ 
sion  of  the  American  Physiological  Society. 


environmental  temperature  and  by  exercise.  Immediately 
before  these  experiments,  subjects  ate  chopped  ice  to  lower 
their  core  temperatures  enough  to  constrict  their  superfi¬ 
cial  veins  maximally.  During  each  experiment,  as  metabolic 
heat  was  retained  and  T  rose,  FW  increased.  During  these 
experiments,  forearm  tenperature  was  maintained  at  about 
35  °C,  so  that  the  effect  of  skin  temperature  in  Figs.  5  and 
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Figure  6 .  ^  Effect  of  exercise  at  40%  of  maximal  oxygen 
consumption  (V0„  )  on  the  FW:T  relation  in  T  of  25  °C 
(left  panel)  ana”j?  °C  (right  panef) .  During  exercise,  the 
slope  of  the  FW;T^  relation  is  lower  at  high  Abbrev¬ 
iations  are  as  in^^'ig.  5.  Each  experiment  began  with  a 
state  of  near-maximal  venoconstriction  attained  by  eating 
ice.  From  Wenger  and  Roberts  (1980),  v'ith  permission  of  the 
American  Physiological  Society. 


6  represents  Only  the  reflex  effect  on  T  Thermal  control 
of  FW  is  according  to  a  weighted  sum  of  T  and  T  ,  as  we 
saw  above  for  the  control  of  sweat  rate  anc?  FBF.  However, 
exercise  markedly  reduces  FW  at  any  T  (Fig.  6)  ,  whereas 
exercise  has  a  much  smaller  effect  on  control  of  FBF  and 
sweating.  In  fact,  as  we  shall  see  below,  during  some  pro¬ 
tocols  involving  exercise,  changes  in  FW  are  dominated  by 
non-thermal  factors.  Although  we  do  not  fully  understand 
the  afferent  signals  responsible  for  the  effects  of  exercise 
on  FW,  they  seem  to  include  both  an  effect  related  to  car¬ 
diac  filling  and  an  effect  related  to  the  cardiovascular 
adjustments  at  the  onset  of  exercise.  Venoconstriction 
would,  of  course,  tend  to  maintain  cardiac  filling  by 
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limiting  peripheral  pooling  of  blood,  and  might  also  help  to 
increase  cardiac  output  at  the  beginning  of  exercise  by 
moving  blood  toward  the  heart. 


IMPAIRED  CARDIAC  FILLING  DURING  EXERCISE  AND  HEAT  STRESS 


Cardiac  stroke  volume  (SV)  is  determined  by  cardiac  con¬ 
tractility,  aortic  pressure,  and  cardiac  filling  pressure 
(Sagawa,  et  al. ,  1975).  Cardiac  filling  pressure  in  turn  is 
largely  determined  by  total  blood  volume  and  by  the  distri¬ 
bution  of  blood  within  the  vascular  compartment.  Both  the 
volume  and  the  distribution  of  blood  may  cheuige  during  exer¬ 
cise  and  heat  stress,  as  plasma  water  is  lost  by  sweating 
and  by  movement  into  the  tissues,  and  as  blood  is  redistri¬ 
buted  away  from  the  great  veins  and  into  dilated  peripneral 
vessels.  These  changes  may  be  substantial  even  during 
short-term  exercise:  plasma  volume  (PV)  may  fall  as  much  as 
20%  during  20  min  exercise  (Nadel,  et  al.,  1979),  and  the 
effects  of  peripheral  pooling  of  blood  are  likely  to  be  at 
least  as  great  as  those  of  decreased  PV,  as  will  become 
clear  below.  As  a  consequence  of  these  effects,  SV  fre¬ 
quently  falls  over  the  course  of  exercise,  especially  in  the 
heat,  as  T  and  SkBF  rise  and  PV  falls  (Pig.  7;  Nadel,  et 
al.,  1980;  ^fortney,  et  al. ,  1981a)  (We  cannot  exclude  the 
effect  on  SV  of  a  possible  increase  in  aortic  pressure,  or 
reduction  in  cardiac  contractility.  However,  such  effects 
seem  unlikely  in  these  e;q>eriments ,  since  most  of  the  fall 
in  SV  typically  occurred  between  the  fifth  and  15th  min  of 
exercise.)  When  heart  rate  is  already  nearly  maximal,  this 
reduction  in  SV  will  tend  to  limit  cardtac  output  and  oxygen 
delivery  to  active  muscle,  and  thus  exercise  tolerance  as 
well. 

Peripheral  venomotor  responses  may  have  a  substeuitial 
effect  on  peripheral  pooling  of  blood:  for  example,  changes 
in  FW  may  be  as  much  as  2%  of  forearm  volume  (Figs.  5,  6), 
an  amount  which  —  for  a  forearm  segment  10  cm  in  diameter, 
with  skin  1  mm  thick  —  is  equal  to  skin  volume.  However, 
since  FW  is  always  measured  with  the  same  congesting  pres¬ 
sure,  it  is  an  indication  of  the  level  of  venous  tone  rather 
than  a  direct  index  itself  of  the  amount  of  blood  pooled  in 
the  veins.  Since  the  veins  are  distensible  and  collapsible, 
they  can  assume  various  cross  sections  from  flattened  and 
nearly  empty  to  round  and  engorged.  The  cimovint  of  blood 
which  they  contain  thus  depends  not  only  on  venous  tone 
(i.e.,  the  state  of  the  smooth  muscle  in  their  walls,  which 
determines  their  circumference  at  a  particular  congesting 
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Figure  7.  Circulatory  responses  of  one  subject  during 
cycle  exercise  at  70%  VO2  in  T  of  20  and  36  ®C,  showing 
(from  top)  esophageal  arv^^mean  skin  temperatures,  cardiac 
output,  stroke  volume,  per  cent  change  in  plasma  volume,  and 
forearm  blood  flow.  Redrawn  from  data  presented  in  Nadel, 
et  al.  (1979) . 


pressure) ,  but  also  on  the  pressure  of  the  blood  within 
them.  In  turn,  the  pressure  within  a  venous  bed  depends  on 
the  rate  of  blood  flow  into  it,  its  height  with  respect  to 
the  heart,  and  the  effectiveness  of  the  muscle  pump  in 
emptying  the  bed  (Henry  and  Gauer,  1950) .  Thus,  for 
example,  during  exercise  in  the  supine  posture,  when  most  of 
the  peripheral  venous  bed  is  near  or  above  heart  level, 
there  is  less  peripheral  pooling  of  blood  and  SV  is  greater 
than  during  exercise  at  the  same  intensity  in  the  upright 
posture  (Fig.  8) . 

The  effect  of  increased  SkBF  on  peripheral  pooling  and  SV 
cannot  be  demonstrated  in  quite  such  a  straightforward  way. 
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Figure  8.  Time  course  of  esophageal  and  mean  skin 
temperatures,  and  circulatory  resjponses  during  upright  and 
supine  cycle  exercise  at  40%  VO  .  From  Roberts  and 
Wenger  (1980) ,  with  permission  of  the  American  Physiological 
Society. 


but  probably  accounts  for  much  of  the  drop  in  SV  which 
accompanies  Jie  increase  in  SkBF  during  exercise  (cf.  Figs. 
7  and  9;  Nadel,  et  al.,  1980;  Fortney,  et  al.,  1981a).  As 
we  shall  see  below,  this  fall  in  SV  may  be  several  times  as 
great  as  can  be  eaqplained  by  changes  in  PV  alone,  so  that 
much  of  the  decrease  in  SV  is  left  to  be  accounted  for  by 
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Figure  9.  ReJation  of  stroke  volume^  (SV)  to  blood  voliune 
(BV)  during  cycle  e'^ercise  at  65-70%  VO  after  6  min  of 
exercise  (open  symbols)  ,  when  esophageal  “^mperature  (T  ) 
had  risen  only  35%  of  the  way  to  its  level  at  30  min;  and 
after  15,  20  and  30  min  of  exercise  (filled  symbols)  when 
T  was  higher,  and,  presumably,  peripheral  pooling  of  blood 
was  greater  than  at  6  min.  Hypovolemia  was  produced  by 
administering  diuretics  for  four  days  preceding  an  experi¬ 
ment,  and  hypervolemia  was  produced  by  infusing  a  solution 
of  albumin  in  saline  immediately  before  an  experiment. 
Except  as  noted,  each  point  is  the  mean  of  data  from  five 
subjects. 


increased  peripheral  pooling.  Now,  if  a  subject  begins 
moderate  exercise  in  a  venodilated  state,  FVV  may  actually 
decrease  over  the  course  of  exercise  icf.  Fig.  10) ,  so  that 
the  increase  in  peripheral  pooling  most  probably  owes  to  the 
accompanying  increase  in  SkBF  and  consequent  rise  in  venous 
pressure. 

Quantification  of  the  effects  of  peripheral  pooling  is 
complicated  by  the  lack  of  a  convenient  means  to  measure 
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3.0  r  •  Control 


Figure  10.  Time  cours^es  of  forearm  venous  volvune  during 
cycle  exercise  at  65-70%  VO_  in  air  ten?)erature  of  30  °C, 
under  three  conditions  of  initial  blood  volume.  Except  as 
noted,  each  point  is  the  mean  of  data  from  five  subjects. 
These  data  are  from  the  same  experiments  as  those  in  Fig.  9. 


peripheral  pooling,  and  by  the  fact  that  peripheral  pooling 
and  loss  of  PV  tend  to  occur  together.  However,  there  are  a 
number  of  ways  to  manipulate  peripheral  pooling  and  PV  inde¬ 
pendently,  in  order  to  evaluate  the  effect  on  SV  of  each 
variable  separately.  We  have  already  seen  how  supine  pos¬ 
ture  during  exercise  increases  SV  by  reducing  peripheral 
pooling  (Fig.  8)  .  Another  approach  is  to  give  intravenous 
infusions  or  diuretics  to  alter  the  blood  volume  (BV)  with 
which  a  subject  begins  exercise,  so  that  comparisons  of  dif¬ 
ferent  experiments  demonstrate  the  effect  of  BV  on  SV  during 
exercise  (Fig.  9)  .  Although  the  increase  in  SkBF  and  peri¬ 
pheral  pooling  and  the  decreases  in  SV  and  BV  occur  more  or 
less  together  during  any  one  experiment,  we  can  estimate  the 
effect  on  SV  of  BV  alone  if  we  separate  our  measurements 
into  two  groups;  those  taken  early  in  ex(.  rcise,  with  rela¬ 
tively  little  peripheral  pooling  (open  symbols) ,  and  those 
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taken  later  in  exercise,  with  more  peripheral  pooling 
(filled  symbols) .  Having  thus  controlled  for  the  effect  of 
peripheral  pooling,  we  estimate  the  effect  of  BV  on  SV  under 
these  conditions  as  the  average  slope  of  the  SV:BV  relation, 
viz.  53  ml  change  in  SV  per  liter  change  in  BV.  Now  in  Fig. 
9,  during  the  last  15  min  of  exercise,  SV  is,  on  the  aver¬ 
age,  17.7  ml  less  than  at  6  min  of  exercise,  and  BV  averages 
0.1  liter  less.  This  decrease  in  BV  can  account  for  only  a 
5.3  ml  drop  in  SV,  leaving  12.4  ml  to  be  explained  in  terms 
of  some  other  factor  or  factors,  of  which  peripheral  pooling 
of  blood  is  likely  to  be  the  most  important. 

Although  the  foregoing  analysis  provides  an  estimate  of 
the  effect  of  peripheral  pooling  of  blood  on  SV,  it  does  not 
offer  a  means  for  conputing  the  amount  of  blood  pooled  in 
peripheral  vessels.  We  can,  however,  deduce  that  the  volume 
of  blood  pooled  must  be  smaller  than  the  loss  of  blood 
volume  necessary  to  reduce  cardiac  filling  pressure  by  the 
same  amount,  since  if  e.g.  100  ml  is  lost  from  the  vascular 
compartment,  all  the  capacitance  vessels  cf  the  body  share 
the  loss;  if,  however,  100  ml  is  pooled  in  the  peripheral 
vessels,  this  loss  must  be  borne  by  the  vessels  from  which 
the  100  ml  was  displaced,  so  that  these  vessels  experience  a 
greater  volume  depletion  that  if  the  loss  were  shared  by  all 
the  capacitance  vessels. 


DEFENSE  OF  CARDIAC  FILLING  PRESSURE  DURING  EXERCISE 
AND  HEAT  STRESS 


As  we  have  seen,  all  of  the  thermoregulatory  responses  to 
heat — sweating,  increased  SkBF,  and  venodilation — will  tend 
to  impair  cardiac  filling  by  reducing  plasma  volume  or  by 
favoring  peripheral  pooling  of  blood.  At  rest  or  during 
mild  exercise,  these  effects  may  be  fairly  well  compensated 
for  by  more  forceful  contraction  of  the  heart  or  by  in¬ 
creased  heart  rate.  During  more  strenuous  exercise,  how¬ 
ever,  impaired  cardiac  filling  will  tend  to  limit  cardiac 
output  and  exercise  tolerance.  When  cardiac  filling  is 
reduced,  all  of  the  above  thermoregulatory  responses  may  be 
attenuated,  so  that  the  body  accepts  some  impairment  of 
thermoregulation  in  order  to  help  defend  cardiac  filling 
against  further  reduction.  These  relationships  will  be  dis¬ 
cussed  below,  and  are  summarized  in  Fig.  11. 
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Figure  11.  Diagram  showing  a)  the  effect  of  exercise  on 
body  temperature  aind  blood  volume,  b)  the  thermoregulatory 
control  and  function  of  venodilation,  skin  blood  flow  (SkBF) 
and  sweating  (m  )  and  c)  the  effects  of  venodilation,  SkBF 
and  m  on  cardiac  filling  pressure,  and  their  participation 
in  responses  which  tend  to  maintain  cardiac  filling  pres¬ 
sure,  Solid  arrow:  an  increase  in  the  quantity  at  the  tail 
of  the  arrow  tends  to  increase  the  quantity  at  the  head  of 
the  arrow.  Dashed  arrow:  an  increase  in  the  quantity  at 
the  tail  of  the  arrow  tends  to  decrease  the  quantity  at  the 

head  of  the  arrow.  The  effect  of  m  on  blood  volume  is 

sw 

represented  as  an  integral  over  time,  to  indicate  that  the 
effect  is  cumulative.  For  sinvplicity,  effects  of  the  ther¬ 
moregulatory  responses  on  T  are  not  ^shown.  Also  omitted 
are  effects  of  exercise  on  SkBF  and  m  ,  which  have  been 

SW 

reported  under  certain  conditions. 


Sweating 

The  temperature  of  the  body  core  climbs  during  progres¬ 
sive  exercise  dehydration,  and  this  effect  has  been  ascribed 
to  a  reduction  in  sweating  rate  (Ekblom,  et  si.,  1970). 
Although  some  authors  (e.g.,  Nielsen,  et  al . ,  1971)  have 
attributed  the  reduction  in  sweat  rate  to  the  increased 
plasma  osmotic  pressure  which  accompanies  such  dehydration. 
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recent  work  in  our  laboratory  indicates  that  control  of 
sweating  is  also  sensitive  to  changes  in  plasma  volume: 
following  isotonic  dehydration  produced  by  diuretics,  sweat 
rate  during  exercise  was  lower  than  at  the  Scune  T  during 
control  experiments  (Fortney,  et  al.,  1981b).  This  reduc¬ 
tion  in  sweat  rate  took  the  form  of  a  decrease  in  the  slope 

of  the  sweat  rate:T  relation. 

es 


Peripheral  Vasomotor  Responses 

Reduced  cardiac  filling  also  initiates  several  vasomotor 
and  venomotor  reflexes  that  tend  to  attenuate  the  reduction 
in  central  venous  pressure.  Vasoconstriction  in  the 
splanchnic  area  (Johnson,  et  ai.,  1974b)  and  in  skin  and 
muscle  (Rowell,  et  al.,  1973)  are  well  documented  responses 
to  reductions  in  central  venous  pressure  produced  in  resting 
subjects  by  lower  body  suction.*  FEF  at  any  T  during  leg 
exercise  was  reduced  by  isotonic  dehydration  produced  by 
diuretics  (Nadel,  et  al . ,  1980).  The  reduction  in  FBF  took 
the  form  of  a  higher  T  threshold  for  vasodilation  and  a 
lower  maximum  FBF  (manifested  as  a  plateau  in  the  FBF:T 
relation)  following  dehydration  than  in  control  ejcperiments . 
In  other  experiments,  limiting  the  peripheral  pooling  of 
blood  allowed  a  greater  increase  in  SkBF  during  exercise: 
FBF  in  the  supine  posture  was  consistently  higher  than  in 
the  upright  posture,  even  though  T^^  was  lower  (Fig.  8) . 


Peripheral  Venomotor  Responses 

Constriction  of  the  superficial  veins  might  play  a  useful 
role  in  limiting  the  impairment  of  cardiac  filling  during 
exercise  in  the  heat.  In  fact,  many  authors  have  reported 
constriction  of  superficial  veins  during  short  term  (up  to  5 
min)  static  and  dynamic  exercise.  This  venoconstriction 
there^jy  resists  the  tendency  toward  venous  pooling  of  blood. 
Bevegard  and  Shepherd  (1965)  found  that  forearm  veins  con¬ 
stricted  in  proportion  to  exercise  intensity,  and  suggested 


* 

Lower  body  suction  is  an  experimental  technique  for 
causing  blood  to  pool  peripherally.  The  lower  part  of  the 
subject's  body,  from  about  the  waist  down,  is  enclosed  in  a 
rigid,  airtight  chamber.  Application  of  suction  (e.g.,  50 
turr)  to  the  box  increases  the  transniural  pressure  across 
the  walls  of  the  blood  vessels  in  the  lower  part  of  the 
body,  causing  these  vessels  to  become  engorged  with  blood. 
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that  exercise-induced  venoconstriction  serves  to  improve 
cardiac  filling  and  thus  facilitate  increases  in  cardiac 
output.  This  initial  venoconstriction,  which  is  cj^mpathet- 
ically  mediated  eind  is  considered  to  be  part  of  the  cardio¬ 
vascular  response  at  the  onset  of  exercise  (Merritt  and 
Weissler,  1959;  Shepherd,  1966;  Zitnik,  et  al.,  1971), 
reportedly  disappears  as  exercise  continues  if  the  exercise 
is  not  heavy  (Rowell,  et  al.,  1971,  Zitnik,  et  al.,  1971). 
It  is  unclear,  however,  whether  this  reduction  in  venomotor 
tone  occurs  because  of  rising  internal  temperature  (Zitnik, 
et  al.  ,  1971),  or  because  the  primary  stimulus  for  the  ini¬ 
tial  venoconstriction  is  transitory. 

In  contrast  to  their  responses  early  in  exercise,  the 
response  of  peripheral  veins  to  changes  in  cardiac  filling 
(as  during  lower  body  suction)  is  still  controversial, 
denied  by  seme  authors  (Browse,  et  al.,  1966;  Epstein,  et 
al.,  1968;  Hainsworth  and  Linden,  1979)  but  supported  by 
the  work  of  others  (Ardill,  et  al.,  1967;  Gilbert  and 
Stevens,  1966;  Newberry,  1970).  The  data  in  Fig.  10  give 
further  support  for  such  a  response,  since  the  venoconstric¬ 
tion  reached  during  exercise  in  the  hypovolemic  condition  is 
much  more  intense  than  that  observed  in  control  and  hyper¬ 
volemic  conditions.  However,  the  relation  of  venomotor 
responses  to  changes  in  cardiac  filling  is  conplicated  by 
several  features.  In  the  first  place,  FW  at  rest  was  vir¬ 
tually  the  same  in  all  three  conditions,  suggesting  that  the 
venoconstrictor  response  is  somehow  sensitive  to  the  heart's 
a-eater  need  for  filling  pressure  sufficient  to  maintain 
„roke  volume  during  exercise.  In  the  second  place,  veno¬ 
motor  responses  are  virtually  identical  in  the  control  and 
hypervolemic  conditions,  in  spite  of  the  differences  in 
cardiac  filling  between  these  two  conditions  (Fig.  9)  .  In 
the  third  place,  the  drop  in  BV  during  exercise  is  least  in 
the  hypovolemic  condition  (Fig.  9)  ,  and  the  degree  of  peri¬ 
pheral  pooling  is  probably  least  also,  because  cf  ''oth  the 
venoconstriction  (Fig.  10)  and  the  smaller  amount  of  vaso¬ 
dilation  occurring  during  exercise  in  such  conditions 
(Fortney,  et  al.,  1981a;  Nadel,  et  al.,  1980).  Yet  the  re¬ 
duction  in  FW  during  exercise  was  greatest  in  hypovolemia. 
Taken  together,  the  socond  and  third  points  indicate  that 
the  relation  of  FW  to  cardiac  filling  —  or  at  least  to  BV 
and  peripheral  pooling  —  is  not  linear,  but  that  FW  is 
more  sensitive  to  chcuiges  in  BV  and  peripheral  pooling  when 
cardiac  filling  is  reduced.  The  conplexity  of  the  periph¬ 
eral  venomotor  response  to  changes  in  cardiac  filling  may 
explain  much  of  the  disagreement  as  to  whether  it  occurs. 

Such  a  peripheral  venoconstrictor  response  would  tend  to 
limit  the  peripheral  pooling  associated  with  rising  T  and 
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SkBF  during  exercise,  and  would  thus  help  to  maintain  car¬ 
diac  filling  and  SV.  It  is  likely  that  such  a  response 
accounts  for  much  of  the  effect  of  exercise  on  FW  seen  in 
Fig.  6.  Although  FW  increased  as  T  rose  during  exercise 
in  these  experiments,  FW  during  exercise  was  always  less 
than  at  the  same  T  during  rest.  This  difference  in  FW 
became  greater  as  exercise  continued  and,  presumably,  SkBF 
rose  cind  PV  fell.  At  higher  exercise  intensities,  the 
demand  for  cardiac  output  is  greater,  yet  cardiac  filling  is 
likely  to  be  conpromised  even  more,  because  of  both  a 
greater  increase  in  SkBF  and  a  greater  fall  in  PV  (Nadel,  et 
ai.,  1979).  We  might  thus  expect  an  even  greater  peripheral 
venoconstrictor  response  under  such  conditions.  Indeed,  FW 
at  the  end  of  30  min  exercise  was  substantially  lower  at  an 
exercise  intensity  of  65-70%  of ^maximum  oxygen  consumption 
(VO  )  (Fig.  10)  than  at  40%  V0„  (Fig.  6)  .  The  fact 
that'^''?^  rose  during  exercise  in  but  fell  in  Fig.  10 
is  explained  by  the  low  levels  of  T  and  FW,  produced  by 
eating  ice,  with  which  the  subject  in  Fig.  6  began  exercise. 
By  co.'trast,  the  subjects  in  Fig.  10  began  exercise  with 
much  higher  values  of  FW,  and  control  of  FW  during  exer¬ 
cise  was  so  dominated  by  non-tliermal  factors  that  any  rela¬ 
tion  of  FW  to  T  during  those  experiments  was  conpletely 
obscured. 

Most  of  the  experimental  work  described  in  this  chapter 
involved  the  use  of  exercise  to  heat  the  body  core.  The 
circulatory  system  roust  then  respond  in  two  ways:  by  sup¬ 
plying  blood  to  the  working  muscles  tc  meet  their  metabolic 
needs,  and  by  carrying  blood  to  the  skin  to  remove  heat  from 
the  body  core.  Like  exercise,  microwaves  can  heat  the  body 
core  and  evoke  appropriate  thermoregulatory  responses  (cf. 
Nielsen  and  Nielsen,  1965).  However,  since  heating  with 
microwaves  does  not  impose  the  large  metabolic  demands  that 
exercise  does,  we  might  expect  the  circulatory  responses  to 
increased  body  core  temperature  to  occur  in  a  "purer"  form, 
because  of  the  absence  of  conpeting  metabolic  demands  for 
muscle  blood  flow.  This  potentially  interesting  problem 
seems,  however,  to  have  received  relatively  little  experi¬ 
mental  attention. 

In  summarv,  the  three  principal  thermoregulatory  re¬ 
sponses  in  heat-stressed  human  subjects  are  venodilation, 
increased  SkBF,  and  sweating.  All  of  these  may  reduce  car¬ 
diac  filling  and  thus  stroke  volume,  either  through 
increased  pooling  of  blood  in  peripheral  vessels  or  through 
loss  of  plar  aa  water.  If  cardiac  filling  is  reduced  suffi¬ 
ciently  —  especially  during  exercise,  when  the  demand  for 
cardiac  output  is  greatly  increased  —  these  thermoregula¬ 
tory  responses  may  be  attenuated,  in  order  to  minimize 
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further  reductions  in  cardiac  filling.  Under  the  conditions 
which  we  have  studied,  the  dependence  of  sweat  rate  or  SkBF 
on  internal  body  temperature  is  not  obscured,  even  though 
the  relationship  may  be  altered.  Under  similar  conditions, 
however,  the  control  of  the  superficial  veins  may  be  so 
dominated  by  non- thermal  factors  that  they  will  constrict  in 
the  face  of  rising  internal  body  tenperature . 
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Can  man  "acclimate"  to  microwave  radiation?  Using  the 
definitions  that  were  adopted  for  the  Glossary  of  Terms  for 
Thermal  Physiology  (Bligh  and  Johnson,  1973)  where  accli¬ 
mation  is  identified  as  an  active  induction  of  an  altered 
physiologic  state  resulting  from  intentional  e:i^osure  of 
individuals  to  the  environment,  it  seems  certain  that  over 
the  next  decades  we  will  not  answer  the  question;  inten¬ 
tional  exposures  of  human  beings  to  microwave  fields  of 
moderate  strength  are  difficult  to  justify.  In  contrast, 
there  may  already  be  some  evidence  that  man  can  "acclima¬ 
tize"  or  "habituate"  to  microwave  radiation;  v,e  have  all 
been  exposed  to  very  low  intensities  of  microwave  radiation 
(Janes,  1979) ,  and  increasingly  so  over  the  last  fifty 
years.  Finally,  it  is  unlikely  that  any  member  of  genus 
Homo  will  survive  long  enough  to  learn  whether  man  can 
"adapt"  to  microwave  radiation. 

Let  me  define  the  terms  used  above  by  referring  to  one  of 
the  ejqperiments  described  in  Dr.  Justesen's  paper  (Chapter 
10)  .  A  portion  of  the  cage  occupied  by  some  mice  over  a 
15-min  session  each  day  for  six  days,  was  exposed  to  micro- 
wave  radiation  and  the  length  of  time  spent  in  the  radiated 
and  in  the  "safe"  areas  was  recorded.  Some  of  the  survivors 
appear  to  have  spent  increasing  time  in  the  "safe"  area 
during  this  experiment,  which  was  actually  an  "acclimation" 
study  because  the  exposures  were  planned  to  determine  what 
changes  could  be  induced  in  the  mice.  If  the  animals  were 
moving  to  get  into  a  safe  zone  because  they  sensed  and  re¬ 
sponded  behaviorally,  or  exhibited  some  physiological  regu¬ 
lation  to  a  naturally-occurring  microwave  stimulus,  that 
would  be  "acclimatization".  As  suggested  above,  for  the 
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last  fifty  years  man  has  been  subjected  to  microwaves  and 
thus  given  an  unplanned  opportunity  to  acclimatize.  If  that 
movement  was  a  conscious  attempt  to  get  out  of  the  microwave 
field,  that  would  be  "habituation";  an  adjustment  like  put¬ 
ting  on  or  taking  off  clothing.  Finally,  if  the  five  mice 
who  survived  could  transmit  to  their  descendants,  by  genetic 
change,  information  on  what  to  do  when  microwave  radiation 
was  sensed,  that  would  be  "adaptation",  at  least  as  those 
terms  were  defined  for  the  Glossary. 

Man  is  basically  a  sub-tropical  animal.  He  has  a  wider 
range  of  more  effective  adjustments  to  heat  than  to  cold. 
Many  of  the  adjustments  to  heat  (vasomotor,  metabolic,  and 
perhaps  behavioral  changes)  are  inverses  of  those  to  cold. 
However,  a  major  adjustment  to  heat  is  the  regulation  of 
body  temperature  through  sweating;  this  has  no  inverse  for 
the  cold,  although  shivering  can  be  considered  the  parallel 
in  the  cold.  Also,  many  of  the  changes  that  occur  with  heat 
acclimatization  parallel  those  induced  by  exercise;  in  fact, 
a  man  who  is  in  good  physical  condition  is  well  along  the 
road  to  heat  acclimatization.  It  seems  possible  that  an 
individual  who  is  heat  acclimatized  may  have  some  facet  of 
microwave  resis’^ance. 

Our  knov/ledge  of  the  processes  involved  in  heat  acclima¬ 
tization  is  relatively  new.  Before  VJorld  War  II,  Balfour 
(1923)  suggested  that  "we  have  to  overcome  heat";  it  was  not 
something  the  body  could  adjust  to,  man  had  to  exert  con¬ 
scious  effort.  It  was  believed  that  Caucasians  had  to  have 
at  least  a  solar  Topee,  "actinic"  underwear  and  perhaps  a 
spine  pad  to  defeat  the  damaging  rays  of  the  sun;  they  also 
should  wear  a  flannel  cholera  belt,  should  not  eat  meat,  and 
should  return  to  a  cold  climate  at  least  every  two  or  three 
years,  if  they  were  going  to  stay  functional.  Caucasians  in 
the  Tropics  were  viewed  as  sojourners,  not  as  men  capable  of 
acclimatization  to  heat  (Castellani,  1938).  World  War  II, 
however,  clearly  indicated  that  man  has  a  variety  of  physi¬ 
cal,  physiological  and  psychological  adjustments  to  heat. 
There  are  a  number  of  mechanisms  involved;  these  mechanisms 
do  not  all  develop  at  the  same  time  or  at  identical  rates, 
but  are  integrated  as  part  of  a  complex  picture.  In  the 
literature  you  will  find  that  man  has  many  ways  to  "acclima¬ 
tize"  to  heat;  for  example,  by  drugs  (Collins,  et  al . , 
1965),  taking  a  hot  bath  (Brebner,  et  al.,  1961),  v/earinq 
vapor  barrier  suits  in  the  heat  (Fox,  et  al.,  1961),  or 
resting  in  high  humidity  heat  (Henane  and  Bittel,  1975)  one 
can  "acclimatize"  the  sweat  glands.  Man  can  "acclimatize  to 
heat"  by  restricting  sodium  in  the  diet;  that  can  increase 
the  aldosterone  levels ,  but  that  is  only  another  of  the 
changes  (Ganong,  et  al.,  1966).  The  array  of  the  physical. 
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physiological,  and  some  of  the  psychological  adjustments 
involved  in  the  complex  changes  that  occur  in  humans  in  re¬ 
sponse  to  heat  exposure  has  been  catalogued  by  Bass,  et  aJ . 
(1955) . 

Some  of  the  physical  adjustments  would  seem  to  fall  into 
the  category  of  true  genetic  adaptations  that  must  have 
taken  millenia  to  establish.  It  is  difficult  to  prove.  You 
can  believe  in  creationism  as  having  altered  man  for  the 
tropics.  You  can  believe  in  Lamarckian  theories  of  acquired 
characteristics  (updated  with  a  reverse  transcriptase  to 
induce  some  of  the  acquired  phenotypic  changes  and  make  them 
genotypic) .  Or  you  can  believe  in  Darwinian  evolution, 
where  there  is  over-population,  the  struggle  for  survival, 
and  random  variations,  some  of  which  are  beneficial  in  the 
heat  and  lead  to  survival  of  the  fittest,  (i.e.,  those  who 
have  ti  use  genetic  adaptations) .  Alternatively,  you  may 
prefer  gradualism  and  genetic  drift.  No  matter  which  thr^'ry 
you  adopt  to  explain  such  changes,  it  seems  clear  that  there 
are  adaptations  to  the  heat  that  follow  Bergman '  s  Rule  or 
Allan's  Rule;  i.e.,  "the  warmer  the  environment  the  more 
linear  the  body  structure",  and  "the  greater  the  number  of 
protuberances".  It  may  be  hard  to  prove  cause-effect,  but 
it  is  a  fact  that  Blacks,  as  a  population,  have  longer  and 
thinner  extremities  in  relation  to  their  torso  than  do 
Caucasians,  This  is  clearly  an  advantage  in  losing  heat, 
and  it  can  be  considered  as  a  genetic  adaptation  to  a  hot 
environment.  Man's  hairlessness  is  probably  also  in  that 
category.  The  late  Dr.  Russell  Newman  (1970)  wrote  a  very 
interesting  paper  ascribing  why  man  is  such  a  hairless, 
sweaty  animal  to  the  subtropical  environment  of  his  ances¬ 
tral  stock.  Thus,  it  appears  that  the  human  race  has 
adapted  to  tolerate  heat. 

Can  man  genotypically  adapt  to  microwaves?  He  certainly 
has  not  yet  had  enough  time  to  do  so.  The  discussion  in 
Chapter  23  suggests  some  longevity-altering  effects  of 
microwave  exposure,  but  by  that  time  man  is  usually  well 
past  the  time  for  transmission  of  such  changes  by  inheri¬ 
tance.  It  has  recently  been  recognized  that  individual 
cells  can  adapt  to  heat;  a  single  exposure  to  45  °C  induces 
a  resistance  to  svibsequent  45  °C  exposures  (Henle  and  Deth- 
lefsen,  1978) .  This  resistance  peaks  at  about  48  hrs  and 
then  decays  until,  after  about  72  hrs,  the  heat  resistance 
of  the  cell  is  back  to  normal.  So  there  can  be  cellular 
changes  to  heat,  perhaps  in  protein  metabolism  or  membrane 
structure.  Can  something  similar  occur  in  response  to 
microwave  radiation? 

Turning  to  the  psychological  adjustments  (not  adapta¬ 
tions)  ,  my  favorite  definition  of  heat  acclimatization  is 
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Huxley's  "getting  used  to  not  getting  used  to  it".  Ells¬ 
worth  Huntington  in  1915  made  a  great  point  about  the  stimu¬ 
lating  effects  of  cold  and  the  debilitating  effects  of  heat 
and  residence  in  heat.  As  late  as  1947  authors  wrote  about 
tropical  neurasthenia,  fatigueability,  anorexia,  nausea,  a 
drop  in  systolic  blood  pressure,  and  a  vague  malaise  (Kark, 
et  ai.,  1947).  These  symptoms  seem  vaguely  similar  to  some 
of  the  reported  effects  of  exposure  to  microwave  radiation. 
Adjustment  of  clothing,  as  for  cold,  is  also  an  effective 
behavioral  regulation  against  heat  (Newburgh,  1949) .  There 
are  at  least  two  ways  to  adjust  clothing  against  heat,  and 
if  we  think  that  everybody  is  going  to  respond  in  a  single 
way  to  microwave  radiation,  we're  probably  in  trouble.  The 
Arab  living  in  a  hot-dry  climate  adopts  a  very  heavy 
clothing  system,  to  reject  the  high  radiant  heat  load  and 
create  convection  currents  close  to  the  body;  natives  in  the 
tropics  wear  a  sarong,  or  lightweight  clothing.  In  terms  of 
behavioral  regulation ,  there  is  one  to  heat  that  was  not 
recognized  when  the  ArabianAmerican  Oil  Company  first  went 
into  Bahrain  to  open  up  the  oil  fields.  They  hired  as  many 
of  the  native  population  as  possible,  assuming  that  they 
would  be  well-acclimatized  through  their  natural  exposure 
over  the  years  to  heat;  hovrever,  they  experienced  far  more 
heat  illness  than  expected.  Kipling  had  the  answer:  "mad 
dogs  and  Englishmen  go  out  in  the  mid-day  sun"  and  work,  but 
that  smart  native  never  did,  he  avoided  work  in  the  heat. 
We  have  an  array  of  behavioral  regulations  and  psychological 
adjustments  to  heat  (See  Chapter  17) ;  we  may  have  some  simi¬ 
lar  ones  to  microwave  ej^osure.  We  have  heard  of  people 
being  able  to  sense  a  certain  microwave  level  and  move  away. 
What  the  ultimate  extent  of  such  psychological  adjustments 
will  be  in  response  to  microwave  radiation  of  various  types 
is  unknown.  Some  conjectures  in  this  regard  are  offered  in 
Chapter  11. 

Physiologically,  there  is  a  clear  spectrum  of  changes 
that  occurs  upon  heat  exposure;  these  are  all  included  in 
the  term  "heat  acclimatization"  (Nadel,  et  ai.,  1974).  How 
to  induce  it?  With  moderate  work,  because  we're  mimicking 
exercise;  minimum  clothing  is  best  because  we  can  work 
longer  in  the  heat  without  clothing;  in  the  shade  is  best 
since  we  can  work  longer;  luxus  water  intake  is  best  since, 
by  avoiding  dehydration  we  can  work  longer  in  the  heat.  We 
can  induce  different  levels  of  acclimation  (or  acclimati¬ 
zation)  ;  we  can  induce  hyper-acclimatization  by  working 
people  harder,  in  hotter  conditions  than  they  will  usually 
experience;  or  induce  hypo-acclimatization  by  working  people 
less  hard  or  in  less  hot  conditions  (Lind  and  Bass,  1963; 
Nadel,  et  al.,  1974;  Strydom,  et  ai.,  1971;  Wyndham,  et  ai . , 
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1976).  Man  doesn't  acclimatize  to  an  environment;  man 
acclimatizes  to  an  overall  heat  load  (Goldman,  1978) .  This 
fact  is  also  probably  germane  to  any  microwave  adjustments, 
if  the  body  has  such  capacities.  The  adjustments  won't  be 
simply  to  a  heat  load  produced  by  microwaves  or  to  a  heat 
load  produced  by  the  environment;  they  will  be  to  some  com¬ 
bination  of  the  two,  probably  acting  synergistically.  It 
takes  anywhere  from  two  to  four  hours  a  day  of  work  in  the 

heat  (Lind  and  Bass,  1963),  for  5  to  7  or  9  days  (Strydom, 

et  ai . ,  1971)  depending  on  ones  fitness  level,  to  get  heat 

acclimated  to  about  95%  of  ones  genetic  capacity  for  such 

changes;  21  days  seem  required  to  reach  a  full  100%  plateau, 
but  the  various  cortponents  involved  in  heat  acclimation 
reach  full  acclimation  status  (for  a  given  level  of  heat, 
work,  clothing,  etc.)  at  different  rates  (Wyndham,  et  al . , 
1976)  .  Retention  is  anywhere  from  3  to  4  weeks  in  the 
absence  of  intervening  heat  exposure  (Pandolf,  et  al.,  1977) 
but  retention  can  be  maintained  by  as  little  as  a  once  a 
week,  two  to  four  hour  ejqposure  to  work  in  the  heat.  The 
intensity  and  duration  of  microwave  exposure  required  to 
induce  "microwave  acclimation",  if  such  changes  are  pos¬ 
sible,  are  totally  une:!q?lored  to  date. 

What  physiological  changes  occur  with  heat  acclimation 
(or  acclimatization) ?  First  there  is  a  slight  drop  in  meta¬ 
bolic  heat  production.  This,  of  course,  also  occurs  with 
"work  acclimatization"  (i.e.,  exercise)  in  association  with 
a  loss  of  body  weight.  In  the  heat,  the  drop  in  metabolic 
heat  production  is  probably  accounted  for  in  part  by  a  drop 
in  body  temperature  for  a  given  level  of  work  in  the  heat 
From  our  modeling  projections  (Givoni  and  Goldman,  1973) 
there  is  a  very  marked  drop  in  rectal  temperature  during 
work  in  the  heat,  amounting  as  a  maximum  to  about  1.7  °C 
following  full  acclimation;  i.e.,  up  to  21  days  of  daily 
exposure  for  two  to  four  hours  a  day  to  a  given  level  of 
work,  heat,  clothing,  etc.  There  is  also  a  drop  in  skin  tem¬ 
perature.  There  is  a  lower  heart  rate,  associated  with 
acclimatization;  by  about  40  b/min  if  we  use  the  maximum 
suggested  from  our  modeling  projections  (Givoni  and  Goldman, 
1973) .  There  is  sometimes  quite  a  change  in  sweat  produc¬ 
tion  depending  on  the  initial  state  of  the  individual;  that 
is  a  major  manifestation,  although  a  large  part  of  the 
change  is  facilitated  by  the  level  of  physical  fitness  at¬ 
tained  from  previous  exercise.  The  "set-point"  for  sweating 
is  also  changed;  one  begins  to  sweat  at  a  lower  skin  tem¬ 
perature,  and  produces  more  sweat  per  gland  at  a  given 
internal  body  temperature  level  (Nadel,et  al.,  1974).  The 
gain  change  is  very  similar  to  the  gain  change  induced  by 
exercise  itself.  Nauel  has  suggested  that,  normally,  we  may 
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try  to  eliminate  about  42%  of  our  working  heat  production  by 
sweating.  In  hot-dry  environments,  man  may  only  have  to 
increase  his  sweat  production  by  about  15%  as  part  of  the 
acclimatization  phenomenon  to  meet  the  demands  for  heat 
elimination.  In  a  hot-wet  environment  min  can  increase 
sweat  production  by  anywhere  from  60  to  as  much  as  100%,  but 
the  increase  may  not  be  beneficial.  Unevaporated  sweat  is 
worse  than  useless,  since  excess  sweating  can  lead  to  dehy¬ 
dration  (Goldman,  1978)  .  The  1.7  “C  maximum  decrease  in 
rectal  temperature  with  acclimatization,  which  occurs  under 
the  optimum  set  of  conditions  where  acclimatization  is  bene¬ 
ficial,  can  drop  to  almost  nothing  in  a  hot-wet  environment 
where  one  can  not  evaporate  the  sweat  (Wyndham,  et  al,, 
1976)  .  For  example,  if  you  encapsulate  a  man  in  a  vapor 
barrier  suit,  he  is  probably  better  off  not  being  acclima¬ 
tized;  he  will  not  dehydrate  so  rapidly  and  he  is  not  able 
to  get  much  benefit  from  any  extra  sweat  production.  There 
is  usually  an  increase  in  blood  volume,  particularly  plasma 
volume,  with  both  exercise  and  heat  acclimation;  there  is 
also  a  decrease  in  the  sodium  content  of  sweat.  All  these 
changes  occur  in  parallel,  but  at  different  rates,  probaoly 
with  a  substantial  individual  variability  derived  from  both 
differences  in  genetic  factors  (morphology,  heart  size, 
etc.)  and  previous  environmental-work  history  (Nadel,  et 
al.,  1974;  Pandolf,  et  al.,  1977;  Strydom,  et  al.,  1971; 
Wyndham,  et  al.,  1976).  The  possible  extent  of  any  human 
potential  for  physiological  acclimation  to  microwave  radia¬ 
tion  is  unknown.  Whether  any  of  these  physiological  changes 
that  occur  in  response  to  heat  exposure  woull  also  be  in¬ 
volved  in  microwave  acclimation  is  speculative,  but  they 
should  be  among  the  first  changes  to  be  investigated. 

In  summary,  human  exposures  to  heat  induce  a  variety  of 
alterations:  evolutionary  changes  over  millenia  of  expo¬ 
sure;  psychological/behavioral  regulations  which  eire  adopted 
rapidly  on  initial  exposure;  and  physiological  ccclimation 
responses  induced  at  various  rates,  to  varied  degrees,  over 
intermittent  or  continuous  exposures  of  from  2  oi  3  days  to 
as  many  weeks.  Animal  models,  while  sometimes  lelpful  in 
studying  the  changes  that  occur  on  exposure  to  heat  can  be 
confusing,  or  even  misleading;  the  usual  laboratory  animals, 
such  as  the  rat,  mouse,  dog,  etc,  are  probably  much  less 
like  man  in  their  responses  than  the  pig  is.  The  extent  to 
which  parallels  can  be  drawn  from  studies  of  human  (or  ani¬ 
mal)  e^qposures  to  heat  and  applied  to  the  problems  of 
adjustment  to  microwave  exposures  is  unknown,  but  such 
studies  are  suggested  as  a  good  place  to  gain  insight. 
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INTRODUCTION 


When  an  individual  experiences  a  thermal  burden,  physio¬ 
logical  and  behavioral  maneuvers  will  be  initiated  to 
increase  heat  loss,  unless  the  set  point  for  thermoregu¬ 
lation  has  been  shifted  (Hensel,  1981).  If  the  thermal  loid 
can  be  dissipated  by  the  host's  physiological  and  behavioral 
responses,  an  increase  in  deep  body  temperature  may  not  be 
detectable.  Alternatively,  if  the  host  cannot  conpletely 
compensate  for  heat  gain,  a  ten^erature  rise  ensues.  Thus, 
thermal  stress  may  or  may  not  be  acconpanied  by  detectable 
changes  in  core  temperature.  Although  the  colonic  teirpera- 
ture  reflects  deep  body  (core)  temperature  under  steady 
state  conditions,  it  is  slow  to  indicate  changes  in  body 
tenperature  during  thermal  transients  and  does  not  indicate 
the  quality  of  effective  thermoregulatory  responses  (Nadel 
and  Horvath,  1970) . 

Colonic  temperature  varies  as  a  function  of  heat  load 
and,  within  limits,  is  essentially  independent  of  ambient 
air  temperatures  (Stolwijk,  et  al. ,  1968).  The  "set  point" 
temperature  for  mammals  is  maintained  by  physiological  and 
behavioral  processes  that  balance  heat  production  or  gain, 
and  heat  loss  (Hammel,  et  al.,  1963;  Kluger,  1979;  Michael¬ 
son,  1974)  . 

Integrative  structures  which  presumably  coitpare  sensed 
temperature  to  "normal"  temperature  (the  set  point  or  ref¬ 
erence  temperature) ,  determine  whether  existing  body 
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temperature  is  too  high  or  too  low,  and  activate  the  appro¬ 
priate  responses.  Incidental  changes  in  central  temperature 
set  in  motion  a  sequence  of  events  which  eventually  affect 
(or  feed  back  upon)  central  temperature.  A  spontaneous 
deviation  of  central  temperature  in  one  direction  sets  into 
play  mechanisms  which  tend  to  displace  that  ten^erature  in 
the  opposite  (negative)  direction;  a  rise  in  central  ten5)er- 
ature  activates  heat  loss  mechanisms,  while  a  fall  in  cen¬ 
tral  temperature  activates  heat  conservation  and  heat  pro¬ 
duction  mechanisms.  Clearly,  homeotheniiy  is  the  result  of 
this  negative  feedback  (Brengelmann,  1973).  For  a  detailed 
discussion  of  relevant  mechanisms,  see  Chapter  8. 

Specific  organ  or  tissue  systems  may  "function"  at  sig- 
nificcintly  different  rates  if  local  thermal  gradients  are 
altered.  Relatively  large  changes  in  circulation  can  be 
provoked  by  small  deviations  from  neutral  temperature — the 
temperature  at  which  oxygen  consumption  in  the  resting  state 
is  at  a  minimum  (Thauer  1965) •  Such  circulatory  changes  are 
seen  in  exercise  and  work-related  temperature  increase 
(Saltin,  1970;  Shepherd  and  Webb-Peploe,  1970).  Neuro¬ 
physiological  responses  to  raised  local  tissue  tenperature 
may  be  eliciteJ  by  direct  effects  on  nervous  tissue  func¬ 
tions  and/or  eflex  effects  operating  through  sensors  or 
transducers  of  these  thermal  changes  and  then  through 
effector  mechanisms  in  the  central  nervous  system  (Adey, 
1981)  . 


MICROWAVE-INDUCED  THERMOREGULATION 

Ejqjosure  of  animals  to  microwave/radiofrequency  (I'lW/RF) 
energy  lead's^^to  body  temperature  elevation  when  the  rate  of 
energy  absorption  exceeds  the  rate  of  energy  dissipation. 
Whether  the  r^ulting  temperature  ^elevation  is  diffuse  or 
confined  to  specific  anatomical  sites,  depends  on:  a)  the 
electromagnetic  field  characteristics  and  distributions 
within  the  body,  --and  b)  the  passive  and  active  thermoregu¬ 
latory  mechanisms  available  to  the  individual.  Most  of  the 
documented  reactions  to  MW/RF  energy  absorption  are  ex¬ 
plained  by  thermal  energy  conversion,  almost  exclusively  as 
enthalpic  energy  phenomena. 

Theoretical  calculations  of  the  rate  of  heating  in  model 
spheres  and  ellipsoids  exposed  to  plane  wave  microwave 
fields  have  been  carried  out  by  Kritikos  and  Schwan  (1972, 
1975,  1976,  1979),  Guy  (1971),  Johnson  and  Guy  (1972), 
Shapiro,  et  al.  (1971),  and  Weil  (1975).  Resonant  absorp¬ 
tion  within  the  cranium  may  result  in  the  focusing  of  energy 
and  the  production  of  electromagnetic  "hot  spots"  in  the 
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brain  (cf.  Chapters  1  and  5).  Thus  some  observed  effects 
may  relate  to  higher  absorption  in  such  regions  as  the  hypo¬ 
thalamus  than  in  other  loci. 

To  appreciate  the  thermoregulatory  aspects  of  exposure  to 
radiofrequency  energies  it  is  essential  to  integrate  our 
understanding  of  the  spatial  distribution  of  the  absorbed 
energy  and  the  inherent  thermoregulatory  processes  in  the 
animal.  The  nonuniform,  largely  unpredictable,  distribution 
of  absorbed  energy  may  result  in  temperature  increases  and 
rates  of  heating  in  local  "hot  spsts"  that  could  result  in 
unique  biological  effects.  It  should  be  recognized,  hov#- 
ever,  that  the  mammalian  body  normally  is  not  a  uniform 
incubator  but  does  contain  significant  temperature  gradients 
(Hardy,  1968)  as  well  as  diurnal  temperature  excursions 
(Aschoff,  1970;  Hammel,  et  al.,  1963).  Therefore,  the 
uniqueness  of  the  inhomogeneity  of  microwave-induced  tenper- 
ature  distributions  may  be  more  apparent  than  real. 


EXPERIMENTAL  INVESTIGATION  OF 
THERMOREGULATION  IN  INTENSE 
MICROWAVE  FIELDS 


Because  of  its  large  size  and  excellent  thermoregulatory 
capacity  we  selected  the  dog  as  an  animal  model  bo  assess 
the  thermal  characteristics  and  physiological  consequences 
of  microwave  energy  absorption.  Thermoregulation  was  char¬ 
acterized  in  dogs  ejqposed  (whole-body)  to  2880  MHz  pulsed 
microwaves  (Michaelson,  1971,  1974,  1977;  Michaelson,  et 
al.,  1961,  1967).  The  dogs  were  of  mixed  breed,  1-5  years 
old  and  weighed  between  9  and  18  kg. 

During  horizontal  microwave  exposure,  the  dog  was  con¬ 
fined  in  a  Ple-rlglas  cage  situated  inside  an  anechoic  cham¬ 
ber  7 '  X  7 '  X  15 ' ,  lined  with  commercial  microwave  absorbing 
material.  Generally,  ambient  conditions  were  22  °C  with  30 
percent  relative  himiidity.  The  source  of  microwaves  was  an 
AN/MPS-15  radar  set  operating  at  a  frequency  of  2880  MHz 
pulsed  (360  pulses/sec,  2-3  microsec.  pulse  width  with  aver¬ 
age  power  in  excess  of  2000  watts)  .  The  microwave  horn 
antenna  ■  as  situated  six  feet  from  the  animal.  The  animals 
were  exposed  to  100  itW/cm^  (est.  specific  absorption  rate  or 
SAR  =  3.7  W/kg)  or  165  mW/cm^  (est.  SAR  =  6.1  W/kg)  for 
various  durations.  Thermoregulatory  responses  were  also 
measured  while  the  animals  were  exposed  to  100  mW/cm^  or  165 
mW/cm^  at  ambient  temperatures  (Ta)  of  40.5  °C,  or  11  ®C  in 
addition  to  22  °C. 

An  electronic  thermometer  with  a  thermistor  probe  which 
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was  shielded  with  Plexiglas  and  fixed  in  the  rectvun  was  used 
to  monitor  colonic  temperature  during  e^qjosure.  The  auiimal 
was  placed  in  the  Plexiglas  cage  for  a  15-min.  period  prior 
to  microwave  exposure.  When  the  colonic  tenperature  stabi¬ 
lized,  microwave  exposure  was  begun.  During  exposure,  the 
colonic  temperature  was  read  at  5-min.  intervals. 

In  a  separate  series  of  experiments,  dogs  were  ej^osed  at 
a  field  intensity  of  165  mW/cin^  until  colonic  temperature 
reached  41.5  °C,  at  which  time  the  microwave  exposure  was 
interrupted  for  a  period  of  20  minutes  duration  to  allow 
cooling  of  the  body.  After  this  period,  the  exposure  was 
resxaned  for  an  additional  20  minutes,  followed  by  another 
20-min.  cooling  period.  Colonic  temperature  was  monitored 
continuously.  Hematocrit  was  determined  at  each  heating  and 
cooling  period.  Body  weight  was  recorded  initially  and 
again  at  the  conclusion  of  the  ea^osure. 

In  another  experiment,  dogs  were  exposed  at  165  irW/cm^ 
until  colonic  temperature  reached  41.5  ®C,  at  which  time, 
access  to  water  was  permitted.  Two  hundred  to  three  hundred 
ml  aliquots  of  water,  at  approximately  10  °C  were  delivered 
through  tygon  tubing  into  a  Plexiglas  cup  positioned  in  a 
corner  of  the  cage.  At  all  times,  approximately  100  ml  of 
water  were  left  in  the  cup.  To  improve  palatability,  as  the 
water  became  warm,  it  was  siphoned  off  and  replaced  with 
cool  water. 


Figure  1.  The  change  in  rectal  temperature  (°C)  exhib¬ 
ited  by  dogs  exposed  to  2800  MHz  pulsed  microwaves  at 
various  environmental  temperatures  40.5,  22.0,  and  11.0  °C 
as  a  function  of  exposure  duration.  Average  power  density 
was  constant  at  100  mW/cm^. 
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EXPERIMENTAL  RESULTS 


In  the  absence  of  microwave  exposure/  colonic  temperature 
decreased  slightly  over  a  6-hour  period  when  the  ambient 
temperature  (T  )  was  11  “C.  At  T  =22  ®C,  the  body  temper¬ 
ature  variation  over  a  6-hour  period  was  minimal.  Dogs  at 
T^  =  40.5  °C  had  minimal  fluctuations  of  body  temperature. 

Microwaves  -  100  irff/cm^  (Estimated  SAR  =  3.7  W/kg) 

Dogs  at  T  =11  °C  or  22  °C  tolerated  100  mW/cm^  micro- 
waves  for  3^  minutes  as  shown  in  Figure  1.  At  T  =  11  “C, 
the  colonic  temperature  response  was  negligible.  At  T  = 
22  ®C,  there  was  a  moderate  elevation  of  colonic  temperature 
within  30  minutes  after  commencement  of  exposure.  At  T  = 
40.5  °C,  a  colonic  temperature  of  41  °C  was  reached  in 
60-135  minutes. 


Figure  2.  The  triphasic  response  of  the  rectal  tempera¬ 
ture  of  dogs  exposed  to  2800  MHz  pulsed  microwaves  at  165 
mW/cm^.  Initial  heating  is  followed  by  a  period  of  tliermal 
equilibrium  and  finally,  if  the  exposure  is  continued,  by 
thermoregulatory  collapse . 
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Microwaves  -  165  nK/cnP-  (Estimated  SAR  =  6.1  W/kg) 

Whole-body  exposure  of  dogs  to  2880  MHz  pulsed  microwaves 
at  165  iriW/cm^  (T  =  22  “C  for  2-3  hours  resulted  in  thermo¬ 
regulatory  responses  characterized  by  three  phases.  These 
phases  are  illustrated  in  Figure  2  as  :  (1)  initial  temper¬ 
ature  rise,  (2)  period  of  thermal  equilibrium,  and  (3)  ther¬ 
moregulatory  failure  (Michaelson,  et  al.,  1961,  1967,  1974), 
In  phase  1,  (initial  thermal  response) ,  colonic  temperature 
increased  by  2  °C  during  the  half  hour  after  the  onset  of 
exposure.  In  phase  2,  (period  of  thermal  equilibrium), 
coloi  ic  temperature  stabilized  for  1  hour,  during  which  the 
temperature  fluctuated  between  40.6  and  41.1  °C.  In  phase 
3,  (period  of  thermal  breakdown),  the  temperature  rose  above 
41.1  °C,  continued  increasing  rapidly  until  a  critical  tem¬ 
perature  of  41.7  °C,  or  greater,  was  reached.  If  exposure 
was  not  stopped,  death  ensued. 

The  effect  of  environmental  temperature  on  the  response 
of  dogs  to  165  mW/cm^  microwaves  is  shown  in  Figure  3. 
Exposures  lasting  360  ’^inutes  were  possible  when  ambient 
temperature  was  11  °C.  During  such  exposures,  there  was  a 
colonic  temperature  rise  of  1.4  ®C  within  two  hours  after 


Figure  3.  The  change  in  rectal  temperature  (°C)  exhib¬ 
ited  by  dogs  exposed  to  2800  MHz  pulsed  microwaves  at 
various  environmental  temperatures  40.5,  22.0,  and  11.0  °C 
as  a  function  of  exposure  duration.  Average  power  density 
v/as  constant  at  165  mW/cm^. 


the  exposure  began,  but  effective  thermal  compensation  must 
have  negated  this  response  so  that  at  the  end  of  six  hours 
of  exposure,  the  colonic  temperature  change  differed  little 
from  the  initial  value. 

Thermal  equilibrium  was  transient  during  microwave 
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exposure  at  .165  mW/cra^  at  T  =  22  ®C.  The  duration  of 
exposure  was  limited  to  180-3^  minutes  since  continuation 
of  exposure  after  Lhe  animal  attained  a  colonic  temperature 
of  41.5  °C  could  result  in  death.  At  a  40.5  "C  ambient 
temperature,  the  increase  in  colo.nic  temperature  was  rapid 
with  no  thermal  equilibrium  period.  The  cr.Ltical  level  of 
colonic  temperature  (>  41.5  ®C)  was  reached  in  30-60  minutes 
at  this  ambient  temperature. 

We  found  that  reco\^ery  of  normal  (neutral)  body  tempera¬ 
ture  was  exponential.  The  pre-e>q>osure  level  of  colonic 
temperature  was  reached  within  an  hour.  Dogs  exposed  at 
165  .T.W/cm^  (T  =  22  °C)  showed  a  loss  of  body  mass  of  2.0 
percent/ltr.  ^t  100  mW/cm^,  loss  of  body  mass  was  1.25 
percent/hr.  Reduction  of  body  mass,  no  doubt  a  reflection 
of  insensible  water  loss,  was  constant  and  linear  with  the 
duration  of  exposure  to  the  microwave  field.  We  also  found 
that  hematocrit  alteration  was  biphasic.  Shortly  after 
exposure  to  165  lT£^/cm^  commenced,  heniodilution  occurred; 
after  l-l^j  hours  of  exposure,  hemoconcentration  was  evident. 
Hemodilution  was  again  noted  at  approximately  2  hours  fol¬ 
lowed  by  hemoconcentration.  Apparently,  the  dog  loses  the 
ability  to  hemodilute  when  thermal  equilibrium  starts  to 
break  down.  The  animal  is  unable  to  maintain  a  normal  body 
temperature  or  normal ly-s table  hematocrit  after  a  5  percent 
loss  of  body  mass.  The  change  in  body  mass  and  change  in 
hematocrit  were  correlated  with  the  ambient  temperatu.re  and 
the  intensity  of  the  microwave  field.  The  highest  field 
strength  and  T  produced  the  maximum  response.  Hematocrit 
changes  suggested  varying  degrees  of  hemodilution  at 
T  =  11  °C  and  T  =  22  ”0  in  the  absence  of  microwaves.  At 
T  =40.5  °C,  hemoconcentration  occurred.  Hemodilution  was 
observed  in  dogs  that  received  100  mW/cm^  microwaves  at 
T  =  11  "C  and  22  "C.  At  T  =40.5  °C  there  was  apparent 
hemoconcentration.  When  microwaves  were  increased  to 
165  iriW/cm^,  hemodilution  occurred  at  T  =11  "C;  whereas  at 
T  =  22  “C  and  40.5  °C,  hemoconcentration  was  evident. 

Since  these  animals  did  not  defecate  or  urinate  while  the 
microwave  exposures  were  being  conducted,  loss  of  body  mass 
was  considered  due  largely  to  evaporative  water  loss  through 
the  oropharyngeal  region  (panting) .  The  contribution  of  the 
differences  between  respired  CO^  and  0^  was  negligible. 
Conversion  of  the  loss  of  body  mass  to  evaporative  water 
loss  under  the  various  conditions  of  exposure  allowed  a  com¬ 
parison  of  the  thermal  burden  imposed  on  the  animal  by 
microwaves  at  different  ambient  tenperatures .  Upon  exposure 
to  100  mW/cm^  at  T  =  22  "C,  there  was  a  three-fold  increase 
in  evaporative  water  loss  and  a  1.4  °C  elevation  in  colonic 
temperature.  When  the  field  intensity  was  increased  to 
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Figure  4.  The  development  of  tolerance  to  2800  MHz 
pulsed  microwaves,  155  mW/cm^,  as  the  number  of  microwave 
exposures  increased.  Solid  bars  indicate  the  increase  of 
rectal  temperature  (rignt  ordinate)  at  an  exposure  duration 
indicated  by  the  open  bars  (left  ordinate) . 


165  mW/cm^,  evaporatiT'e  water  loss  was  five  times  that  which 
occurred  in  the  absence  of  microwaves.  Colonic  tenperature 
was  increased  3  °C.  The  thermal  burden  from  100  mW/cm^ 
exposures  at  T  =40.5  "C,  or  165  mW/cm^  at  T  =22  ®C  or 
40.5  °C  incapacitated  the  animals  and  resulted  in  thermo¬ 
regulatory  failure. 

When  dogs  were  exposed  on  successive  days,  it  became 
apparent  that  exposure  duration  could  be  prolonged  from  1  to 
4  hours  without  reaching  thermal  breakdown.  This  phenomenon 
is  illustrated  in  l;_gure  4.  Such  prolonged  exposures  with¬ 
out  significant  temperature  increase  resembled  accommoda¬ 
tion,  adaptation,  or  acclimatization  (cf.  Chapter  14) . 

The  response  to  hydration,  starting  when  colonic  temper- 
atu'-e  reached  41  °C  is  shown  in  Figure  5.  Hydration  per¬ 
mitted  an  extension  of  the  duration  of  microwave  exposure  by 
suppression  of  an  increase  in  the  body  temperature.  Main¬ 
tenance  of  a  normal  body  mass  resulted  from  the  consun^jtion 
of  water  during  the  experiment  as  contrasted  with  a  reduc¬ 
tion  in  body  mass  among  non-hydrated  dogs.  When  the  micro- 
wave  exposures  were  interrupted  for  20  minutes  at  20  mi.iute 
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EFFECT  OF  HYDRATION  ON  RECTAL  TEMPERATURE 
IN  DOGS  EXPOSED  TO  MICROWAVES 

2800  MK,  PULSED.  165  mW/cm* 


Figure  5.  Effect  of  hydration  the  rectal  temperature 
of  dogs  exposed  to  2800  MHz  pulsed  nuLcrowaves  at  an  average 
power  density  of  165  mW/cm^. 


intervals,  for  each  0.5  ®C  rise  in  temperature,  the  hemato¬ 
crit  increased  2.5  percent.  During  the  cooling  phase,  for 
each  0.5  ®C  decrease  in  colonic  temperature,  there  was  a  2.2 
percent  decrease  in  hematocrit,  suggesting  progressive  hemo- 
dilution. 


DISCUV.SION 


\ 


These  studies  clearly  indicate  the  thermoregulatory 
capacity  of  the  dog  to  withstand  exposure  to  high  microwave 
fields  at  specific  absorption  rates  (SAR)  of  3.7  and 
6.1  W/kg.  It  appears  that  adequate  thermoregulation  takes 
place  at  an  SAR  of  3.7  W/kg  but  only  transiently  at 
6.1  WAg.  These  values,  compared  with  the  standardized 
resting  metabolic  rate  of  3.29  provide  a  basis  for 
assessing  the  relationship  of  the  thermal  burden  and  thermo¬ 
regulatory  disruption  by  microwaves  in  the  dog.  To  eluci¬ 
date  the  thermal  potential  of  microwave  exposure,  it  was 
helpful  to  conduct  these  exposures  at  various  ambient  tem¬ 
peratures  in  which  the  normal  body  ten{)erat!’re  remained 
stable,  thus  permitting  comparison  of  heat  prc' action  and 
dissipation  with  or  without  microwaves.  The  "zone  of  ther¬ 
mal  neutrality"  or  thermoneutral  zone  of  vasomotor  activity, 
22-26.5  where  body  temperature  is  regulated  by  changes 
in  vasomotor  tonus,  fulfilled  this  requirement. 
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Other  ambient  temperatures  selected  for  these  studies 
produce  different  autonomic  responses:  (a)  increased  meta¬ 
bolic  heat  production  with  no  evaporative  water  loss  at 
T  =  11-12.5  °C,  (b)  increased  heat  dissipation  with  some 
increase  in  metabolism  to  be  expected,  mainly  by  evaporative 
water  loss  to  counter-balance  an  ambient  temperature  of 
40.5  °C. 

An  early  manifestation  of  acute  heat  stress  for  the  dog 
in  these  experiments  was  hemodilution,  which  occurred  during 
the  first  30  minutes  of  exposure  and  before  body  temperature 
increased.  Upon  prolonged  exposure,  hemodilution  was  re¬ 
versed  as  a  result  of  dehydration  and  hemoconcentration 
occurred.  Early  hemodilution  is  no  doubt  due  to  an  influx 
of  extravascular  fluid  as  a  result  of  the  peripheral  vaso¬ 
dilation  which  had  taken  place. 

Exposure  of  dogs  to  165  mW/cm^  (est.  SAR  =  6.1  W/kg) 
resulted  in  a  loss  of  body  mass  which  was  related  to  the 
duration  of  exposure.  Exposure  at  this  power  density  until 
41-41.5  °C  colonic  temperature  was  reached,  resulted  in  a 
loss  of  body  mass  equivalent  to  10  percent  of  the  extravas¬ 
cular  fluid.  In  general,  among  hydrated  dogs,  12  percent 
(6-20  percent)  or  less  of  ingested  water  was  retained  and 
body  weight  increased  by  approximately  3  percent. 

The  influence  of  environmental  tempers. ture  on  the  thermo¬ 
regulatory  response  to  microwaves  can  be  seen  in  terms  of 
evaporative  water  loss  at  the  various  environmental  temper¬ 
atures  and  microwave  energy  levels  utilized.  Dogs  in 
ambient  temperatures  of  11-40.5  °C  can  maintain  body  temper¬ 
ature  within  physiologic  limits.  The  imposition  of  micro- 
wave  energy  results  in  an  increased  thermal  burden  when  the 
animal  is  uncible  to  cope  with  the  environmental  thermal 
burden;  colonic  temperature  increases  in  an  uncontrolled 
manner.  This  of  course  is  influenced  by  the  prevailing  en¬ 
vironmental  temperature. 

Respiratory  water  loss  in  the  dog  paralleled  the  level  of 
microwave  energy  to  which  the  animal  was  exposed.  At  165 
mW/cm^  (SAR  =  6.1  W/kg),  approximately  1.4  tiroes  more  water 
was  lost  than  at  100  iriM/cm”  (SAR  =  3.7  W/kg),  and  2.5  times 
more  than  at  T^  =  40.5  °C.  Upon  hydration  during  exposiure 
to  365  mW/cm^,  the  respiratory  excretion  of  water  was  1.7 
times  greater  than  that  seen  in  the  non-hydrated  dog  sinu.- 
larly  exposed. 

Exposure  of  various  species  of  animals  to  who3 e-body 
microwaves,  at  levels  of  100  mW/cm^  or  more,  is  character¬ 
ized  by  a  teinperature  rise,  which  is  a  function  of  the 
absorbed  energy,  the  therrooreaulatory  processes  involved, 
and  active  adaptation  of  the  animal.  The  end  result  is 
either  a  reversible  or  irreversible  change  in  body 
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temperature,  depending  on  the  conditions  of  exposure  and  the 
physiologic  state  of  the  animal.  The  thermal  response  in¬ 
duced  by  whole-body,  high-level  (>  100  mW/cm^)  microwave 
e^qjosu're  in  an  einimal  such  as  the  dog  is  characterized  by  an 
initial  colonic  tenperature  increase  of  1-2  °C  above  normal 
followed  by  a  period  of  thermal  equilibrium  and,  if  exposure 
is  not  terminated,  a  period  of  thermal  breakdown.  In 
regions  of  the  body  in  which  relatively  little  blood  circu¬ 
lates,  the  temperature  may  rise  more  rapidly  than  in  more 
vascular  parts  of  the  body  since  there  is  little  means  for 
the  interchange  of  heat.  Consequently,  tissue  damage  is 
more  likely  to  occur  in  those  areas  where  proportionately,  a 
greater  rise  in  tenperature  can  occur. 

The  pattern  of  temperature  response  in  the  dog,  as  a  con¬ 
sequence  of  whole-body  exposure  to  microwave  energy,  follows 
that  of  norraal  physiologic  regulation.  When  the  aggregate 
heat  loss  balances  heat  gain,  regulation  proceeds.  If,  on 
the  other  hand,  the  aggregate  heating  exceeds  the  aggregate 
loss,  heat  exchange  can  become  positive  and  the  body  temper¬ 
ature  may  rise  to  the  lethal  temperature  for  the  animal. 

These  studies  clearly  indicate  that  when  a  homeotherm  is 
exposed  to  a  thermal  stress,  whether  it  be  elevated  ambient 
temperature  or  exposure  to  microwaves,  if  the  heat  gain  from 
the  environment  plus  metabolic  heat  exceeds  the  animal's 
capacity  for  heat  dissipation,  there  will  be  an  increase  in 
body  temperature.  Since  the  metabolic  rate  of  a  homeotherm 
is  influenced  by  ambient  temperature,  the  response  to  micro- 
waves  is  also  dependent  on  environmental  temperature. 
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INTRODUCTION 


All  animals  exhibit  a  considerable  response  to  changes  in 
body  temperature,  and  are  characterized  by  a  preferred  level 
of  body  teitperatnre  at  which  their  functioning  and  well¬ 
being  is  optimal.  In  cold-blooded  (poikilothermic)  animals 
these  preferred  temperatures  are  achieved  by  a  choice  of 
their  immediate  micro-climate  through  voluntary  behavioral 
preferences.  Cold-blooded  animals  tolerate  a  relatively 
wide  range  of  body  tenperatures.  In  warm-blooded  (homeo- 
thermic)  animals  an  involuntary  physiological  system  is 
added  to  the  behavioral  system  of  cold-blooded  animals. 
Alt.,  cgh  the  physiological  thermoregulation  maintains  a  much 
narrower  range  of  body  teitperature ,  even  homeothermic 
animals  rely  to  a  considerable  extent  on  behavioral  thermo¬ 
regulation.  In  the  absence  of  effective  behavioral  thermo¬ 
regulation,  which  includes  the  thermostatic  control  of  the 
immediate  micro-environment,  the  body  temperature  in  homeo- 
therms  will  be  regulated  by  physiological  mechanisn.s  which 
control  heat  production,  the  distribution  of  heat  in  the 
body,  and  the  avenues  and  the  rate  of  heat  loss  from  the 
body  to  Lne  environment.  The  mechanisms  the  human  body  uses 
to  maintain  a  nearJy-constant  body  temperature  are  well- 
des(  ribed  and  are  understood  in  a  quantitative  sense  as 
well,  t  ince  the  thermal  characteristics  of  the  human  body 
are  reasonably  well  known  it  is  possible  tc  develop  mathe¬ 
matical  simulation  models  of  physiological  thermoregulation 
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in  reasonaible  detail  and  validate  them  in  a  generally  accep¬ 
table  manner  (Stolwijk  and  Hardy,  1966;  Stolwijk  and  Hardy, 
1977) .  A  number  of  such  models  have  been  developed  for  a 
variety  of  purposes,  and  in  some  cases  such  models  have  been 
adapted  for  purposes  other  than  the  original  one  for  which 
it  was  formulated  (see  e.g.  Montgomery,  1972) .  Because  heat 
production  and  body  heat  loss  can  occur  and  be  described  in 
a  wide  variety  of  specific  circumstances  there  is  a  special 
usefulness  in  evaluating  such  specific  conditions  through 
simulation.^  The  deposition  of  electromagnetic  energy  as 
heat  in  all  of  the  human  body,  or  in  specific  parts  of  it  is 
one  of  the  specific  conditions  which  lend  themselves  uni¬ 
quely  to  a  preliminary  evaluation  through  simulation 
modeling. 


CHAPACTERISTICS  OF  MODELS  OF  HUMAN  THERMOREGULATION 


AS  in  any  simulation  model,  models  of  human  thermoregu¬ 
lation  are  based  on  sinplifications  of  the  actual  system. 
The  sinplifications  are  applied  to  less  relevant  parts  of 
the  system  which  are  not  considered  critical  for  the  under- 
stcinding  or  the  prediction  of  the  responses  which  are  to  be 
modeled. 

For  purposes  of  understanding  the  simplifications,  it  is 
useful  to  recognize  the  separation  of  the  system  into  two 
major  conponents;  the  regulated  or  passive  system,  and  the 
regulatory  or  control  system.  In  all  models  both  of  these 
systems  are  simplified.  The  p.'  'sive  system  usually  could  be 
described  in  more  detail  than  it  actually  is,  and  the  choice 
of  the  degree  of  detail  is  up  to  the  user  or  formulator. 
The  controlling  system  is  incorporated  with  a  degree  of 
simplification  which  is  determined  by  our  lack  of  more 
precise  knowledge  about  the  details  of  the  regulatory 
system. 

The  controlling  or  the  regulatory  part  of  the  model  to  be 
discussed  here  consists  of  the  sensory  structures  which 
sense  body  tenperatures  and  their  response  characteristics, 
the  central  neural  integration,  the  neural  effector  pathways 
and  the  effector  mechanisms  themselves  such  as  shivering 
muscles,  secreting  sweat  glands,  and  the  tone  of  peripheral 
blood  vessels  in  the  skin  and  elsewhere  which  control  the 
convective  heat  tremsfer  between  different  organs  and  struc¬ 
tures  of  the  body. 

The  controlled  system  consists  of  the  siitplified  repre¬ 
sentation  of  the  thermal  characteristics  of  all  the  body 
tissues  including  metabolic  heat  production,  heat 
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capacitance,  local  tenperature,  heat  transfer  by  conduction 
and  convection  inside  the  body  eind  via  evaporation,  conduc¬ 
tion,  convection  and  radiation  between  the  skin  and  the  ex¬ 
ternal  environment. 

Normally  the  events  which  are  to  be  evaluated  by  models 
of  human  thermoregulation  are  heat  production  by  exercise, 
and  modification  of  normal  heat  loss  patterns  by  unusual 
environmental  temperatures,  water  vapor  pressure,  clothing 
characteristics,  et'^. 


The  Controlled  System 

In  the  model  to  be  discussed  the  hiunan  body  is  repre¬ 
sented  by  six  cylindrical  elements,  each  consisting  of  four 
concentric  cylinders,  and  a  central  blood  conpartment.  The 
exact  details  of  the  specification  and  validation  of  the 
controlled  system  have  been  presented  elsewhere  (Stolwijk 
and  Hardy,  1977)  and  the  reader  is  referred  to  the  more 
complete  description  for  such  details.  T^e  concentric 
cylinders  in  each  element  are  made  to  correspond  to  the  mass 
of  skin,  subcutaneous  fat,  muscle,  and  core  tiss>'.es  of  the 
head,  trunk,  arms,  hands,  legs  and  feet.  Together  with  a 
central  blood  conpartment,  which  exchanges  blood  and  heat 
with  each  of  the  tissue  compartments,  there  are  then  a  total 
of  25  tissue  compartments.  Each  of  these  coirpartments  is 
characterized  by  a  hear,  capacitance,  a  basal  and  exercise- 
related  heat  production  rate,  a  blood  flow  rate  indicating 
1  its  convective  connection  to  the  central  blood  conpartment, 

a  heat  conductance  to  adjacent  compartments,  and  for  the 
skin,  evaporative,  radiant,  convective,  and  conductive  heat 
exchange  with  the  environment. 

The  simulation  model  provides  for  each  of  these  25  com¬ 
partments  the  temperature  based  on  the  initial  condition  and 
the  integrated  flows  of  heat  into  and  out  of  the 
compartment . 


The  Controlling  System. 

The  controlling  system  receives  from  the  controlled 
system  the  instantaneous  temperature  of  each  of  the  25  com¬ 
partments.  These  temperatures  are  compared  with  reference 
or  set  point  temperatures  and  siamnied  with  a  relative 
weighting  based  on  physiological  measurements.  In  the  cur¬ 
rent  version  of  the  thermoregulatory  model,  as  described  in 
more  detail  by  Stolwijk  and  Hardy  (1977) ,  the  thermal  sen¬ 
sors  feeding  into  the  integrating  structure  are  located  in 
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the  skin  according  to  an  e;5>eriinentally  determined  dis¬ 
tribution,  and  in  the  core  of  the  head  element  which  repre¬ 
sents  the  temperature  of  the  hypothalamus.  Although  other 
organs  and  structures  also  contain  thermosensitive  nervous 
structures,  it  is  not  known  whether  and  how  these  contribute 
to  human  thermoregulation.  The  skin  receptor  signals  and 
the  head  core  signals  are  integrated  with  a  relative  weight 
of  about  0.1  for  the  skin  and  0.9  for  the  core,  and  con¬ 
verted  into  efferent  commands  to  the  sweat  glands,  to  the 
peripheral  muscles  or  to  the  peripheral  blood  vessels  con¬ 
trolling  skin  blood  flow.  These  effector  actions  will  then 
produce  changes  in  heat  production,  heat  loss  and  heat 
transfer  which  will  counteract  the  effects  of  internal  or 
external  loads  which  would  otherwise  change  body  tempera¬ 
tures  away  from  the  preferred  and  regulated  levels. 


AP:-> LI  CATION  OF  SIMULATION  MODELS  TO 
SPECIAL  CASES  OF  THERMAL  STRESS 


) 


W 


It  is  natural  and  appropriate  to  use  thermoregulatory 
simulation  models  for  the  evaluation  of  special  conditions 
of  thermal  stress.  Especially,  conditions  which  are  diffi¬ 
cult  to  evaluate  experimentally  such  as  the  effects  of 
technical  failures  in  life  support  mechanisms  during  extra¬ 
vehicular  activities  in  space,  or  in  deep  diving  activities 
should  be  evaluated  first  in  appropriately  adapted  simula¬ 
tion  models.  Typically,  this  requires  some  re-specification 
of  such  models  because  of  the  special  demands  such  appli¬ 
cations  make.  When  Montgomery  (1979)  used  our  model  to 
evaluate  deep  sea  divers  and  their  thermal  conditions  he  had 
to  modify  the  controlled  system  by  dividing  the  concentric 
compartments  into  additional  layerr,  to  improve  the  precision 
of  the  conductive  heat  transfer  deficription  within  the  body. 
Under  other  applications  it  may  become  necessary  to  extend 
the  tenperature  ranges  or  the  heat  production  or  the  heat 
loss  rates  beyond  the  levels  which  were  used  in  the  design 
a;id  validation  of  the  original  simulation  model.  Such 
extensions  and  the  evaluations  which  they  produce  should  be 
regarded  with  considerable  caution  and  interpreted  with 
great  care.  Simulation  models  of  human  thermoregulation 
have  been  developed  with  varying  levels  of  detail  (Hwang  and 
Konz,  1977)  but  all  are  based  on  experimental  observations 
involving  e:iqJosure  of  human  subjects  to  thermal  stress  of 
high  or  low  temperature  environments  and  increased  internal 
stress  of  high  or  low  temperature  environments  and  increased 
internal  heat  production  due  to  controlled  levels  of 
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exercise.  As  a  result,  all  these  models  are  based  on  data 
obtained  at  body  tenperatures  not  very  far  away  from  regu¬ 
lated  levels.  Experimental  data  on  tissue  responses  and 
whole  body  responses  to  body  temperatures  in  excess  of  40 °C 
and  below  34 °C  are  almost  nonexistent  for  humans  and  are 
relatively  scarce  for  animals.  Extension  of  thermoregula¬ 
tory  simulation  models  beyond  these  temperatures  should  be 
carried  out  with  a  great  deal  of  caution,  and  whenever  pos¬ 
sible  at  least  partial  experimental  verification  should  be 
obtained. 


APPLICATION  OF  SIMULATION  MODELS  OF  HUMAN 
THERMOREGULATORY  SYSTEM  TO  DEPOSITION  OF 
RADIOFREQUENCY  POWER  WITHIN  THE  BODY 


The  evaluation  of  the  thermal  effects  of  the  absorption 
of  radiofrequency  electromagnetic  radiation  in  the  hviman 
body  is  receiving  increasing  attention.  Animal  studies  can 
provide  useful  insights  and  guidance,  but  therj  are  inevi¬ 
table  problems  in  transferring  such  insights  to  the  evalua¬ 
tion  of  possible  effects  in  the  human  body.  The  concern 
over  the  effect  of  relatively  low  levels  of  electromagnetic 
radiation  which  might  be  absorbed  by  the  general  population 
is  only  one  important  area.  In  recent  years  there  is  an 
increased  interest  in  the  controlled  delivery  of  substantial 
amounts  of  electromagnetic  radiation  in  the  radiofrequency 
range  to  specific  tissues  such  as  neoplastic  growths,  as  one 
facet  in  the  treatment  of  cancer  patients.  In  recent  years 
a  considerable  amount  of  progress  has  been  made  in  the  quan¬ 
tification  of  the  absorption  of  electromagnetic  radiation  in 
animal  and  human  tissues  (Guy,  et  ai.,  1974;  Kritikos  and 
Schwan,  1979;  Gandhi,  1982)  so  that  mathematical  models  are 
now  available  to  simulate  the  deposition  of  electromagnetic 
energy  in  the  radiofrequency  area  into  fairly  well  detailed 
mathematical  representations  of  the  human  body.  It  is  then 
logical  to  combine  such  models  of  radio frequency  power  depo¬ 
sition  with  models  of  thermoregulatory  response  to  evaluate 
physiological  responses  to  such  power  deposition  (Way,  et 
al.,  1981;  Stolwijk,  1980).  The  interweaving  of  two  simu¬ 
lation  models  which  were  developed  for  different  purposes 
using  different  rationales  and  objectives  poses  particular 
problems .  Different  types  of  prior  assunptions  and  siitpli- 
fications  have  been  incorporated  in  the  two  models  and  these 
may  lead  to  internal  incompatibilities  which  may  not  imme¬ 
diately  become  apparent. 

The  formulation  of  the  power  deposition  model  in  general 
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will  be  designed  to  accommodate  the  mathematical  treatment 
of  power  deposition  which  is  sensitive  to  shape  and  dimen¬ 
sions,  electrical  conductivity  and  dielectric  constant.  The 
formulation  of  the  thermoregulatory  model  will  be  designed 
to  accommodate  the  location  of  sensory  modalities  and  the 
location  of  effector  mechanisms  as  well  as  that  of  metabolic 
heat  sources  and  of  blood  flow  patterns.  Unless  one  deals 
with  rather  specialized  forms  and  locations  of  power  depo¬ 
sition  such  as  was  done  by  Way,  et  ai .  (1981)  and  Stolwijk 
(1980)  it  may  be  difficult  for  the  energy  deposition  model 
to  function  within  the  spatial  definition  of  the  thermo¬ 
regulatory  model,  or  for  the  thermoregulatory  model  to 
function  within  the  spatial  definition  of  the  energy  depo¬ 
sition  model. 

In  special,  or  conceptional  situations  as  outlined  by 
Stolwijk  (1980)  the  combined  simulation  will  provide  useful 
insights.  If  100  watts  of  radiofrequency  energy  were 
deposited  in  the  human  brain,  the  pure  thermal  effect  would 
create  consequences  which  might  not  be  necessarily  antici¬ 
pated.  Figure  1  shows  some  of  the  relevant  outcomes  from 
such  an  e:q>osure  for  30  minutes.  The  first  result  of  this 
simulation  is  that  the  brain  temperature  is  raised,  but  by 
an  amount  which  is  much  lower  than  one  might  es^ect.  One 
important  reason  for  this  small  rise  in  brain  temperature  is 
the  relatively  high  rate  of  blood  flow  in  the  brain,  of  the 
order  of  50  ml  of  blood  for  every  100  grams  of  brain  every 
itdnute.  Because  the  brain  is  an  important  site  of  thermo¬ 
receptors  the  thermoregulatory  system  reacts  very  strongly 
to  even  the  limited  rise  in  brain  temperature  and  causes  a 
rate  of  body  heat  loss  through  sweating  which  exceeds  even 
the  total  radiofrequency  energy  input.  As  a  result  all  body 
temperatures  fall,  and  the  drop  in  temperature  of  the  blood 
being  supplied  to  the  brain  causes  the  brain  temperature  to 
fall  as  well.  Figure  2  shows  the  result  of  a  similar  siimu- 
lation  in  which  500  watts  of  radiofrequency  power  was 
deposited  into  the  core  of  the  trunk  for  30  minutes.  It 
will  be  seen  that  the  trunk  core  rises  somewhat  more  rapidly 
in  temperature  than  other  compartments.  The  sweating 
response  is  disabled  in  this  simulation  and  the  thermoregu¬ 
latory  system  is  overwhelmed  by  this  rate  of  power  depo¬ 
sition,  and  all  body  temperatures  rise  throughout  the 
exposure . 

Even  without  any  tissues  reaching  temperatures  above  41 
or  42  °C  it  is  also  evident  from  these  two  examples,  as  well 
as  from  the  examples  in  Way,  et  ai .  (1981),  that  the  amount 
of  thermal  mixing  and  thermal  averaging  over  all  body  tis¬ 
sues  through  the  convective  heat  transfer  via  blood  flow 
results  in  the  protection  of  individual  tissues.  This  in 
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Figure  1.  Simulation  of  the  deposition  of  100  watts  of 
electromagnetic  energy  into  the  head  core  for  30  minutes  in 
a  thermoneutral  environment.  The  exposure  causes  an  amount 
of  sweating  which  exceeds  the  energy  gain,  and  causes  a  net 
loss  of  body  heat  during  the  exposure.  (EV  is  evaporative 
1  heat  loss,  core  temperature,  is  the 

central  blooo^  teinpcrature,  ^jqin  “"mean  skin 

temperature)  . 


effect  makes  it  rather  difficult  to  raise  the  temperature  of 
a  small  amount  of  tissue  to  a  high  level,  without  the  depos¬ 
ited  energy  being  dissipated  over  the  heat  capacitance  of 
the  whole  body. 

It  is,  of  course,  theoretically  possible  that  a  tissue 
with  very  poor  perfusion  such  as  resting  muscle,  or  the  lens 
of  the  eye  will  increase  in  temperature  if  high  specific 
energy  deposition  rates  are  applied.  In  such  cases  there 
is,  for  many  of  these  tissues,  in  especially  well  vascu¬ 
larized  tissues  such  as  muscle  a  ■‘•remendous  increase  in 
blood  flow  as  soon  as  temperatures  of  40-42  "C  are  exceeded. 
Such  increases  in  blood  flow  have  been  recorded  by  Cunning¬ 
ham  (1970)  and  by  other  authors  as  well. 

In  cases  in  which  the  results  of  energy-deposition 
modeling  need  to  be  incorporated  into  thermoregulation 
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10  30  so  70  90 

MINUTES 


Figure  2.  Simulation  of  the  deposition  of  500  watts  for 
30  minutes  into  the  trunk  core,  in  a  thermoneutral  environ¬ 
ment  which  does  not  permit  the  evaporation  of  sweat  (T  pp 
is  the  temperature  of  the  core  of  the  trunk,  T  is  rne 
temperature  of  the  core  of  the  head,  is  the  mean  tem¬ 
perature  of  the  skin. 


models,  the  most  effective  way  of  coupling  such  systems  may 
be  to  leave  both  systems  as  originally  developed  but  trans¬ 
fer  the  energy  deposition  rates  from  the  compartments  of  the 
deposition  model  to  the  differently  formulated  compartments 
of  the  thermoregulation  model  which  can  then  predict  the 
thermal  and  thermoregulatory  responses. 

In  any  case,  predicted  local  temperatures  in  excess  of 
42  °C  should  be  interpreted  very  carefully,  and  specifically 
evaluated  for  the  presence  or  absence  of  an  increased  blood 
-perfusion  response. 

\jln  general  the  use  of  one  of  the  widely  accepted  models 
of  thermoregulation  to  evaluate  the  thermal  effects  of  expo¬ 
sure  to  radiofrequency  electromagnetic  radiation  should  be 
seen  as  a  useful  tool  which  should  be  interpreted  with 
reasonable  caution. 
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INTRODUCTION 


Behaviors  that  limit  or  facilitate  heat  gain  or  heat  loss 
are  displayed  by  all  animals  as  soon  as  locomotion  is  pos¬ 
sible.  Although  these  behaviors  may  be  quite  simple,  they 
may  also  be  quite  sophisticated,  especially  in  humans.  They 
result  in  an  improved  constancy  of  body  temperature.  How¬ 
ever,  due  to  human  artifacts,  some  experimental  situations 
can  be  devised  to  fool  nature,  as  for  example  when  animals 
are  allowed  to  self  cool  or  warm  their  deep  nervous  centers 
directly  and  thus  bypass  the  normal  thermal  flow.  E;q>osure 
of  the  body  to  microwaves  is  conparable  since  in  that  case 
heat  may  be  produced  directly  in  the  core  of  the  body,  i.e. 
below  the  bypassed  skin  thermodetectors .  In  this  review  of 
thermoregulatory  behaviors  we  shall  first  list  behaviors 
wherd  the  responses  modify  the  subject's  thermal  environ¬ 
ment;  we  shall  start  with  the  simplest  behaviors  and  follow 
with  Dehaviors  of  increasing  complexity.  Then  we  shall  look 
at  behaviors  where  the  responses  modify  the  subject's  inter¬ 
nal  state  directly.  Each  behavior  should  be  compared  to  its 
homologous  autonomic  response  (see  Chapter  7)  to  judge  its 
efficacity. 


Microwaves  and  Thermoteguialion 


Copyright  ®  1983  by  Academic  Press,  Inc. 
307  All  rights  of  reproduction  in  any  form  reserved. 

ISBN  0.12-044C20-2 


PRECEDING  PA' 


308 


Michel  Cabasiac 


MODIFICATION  OF  THE  THERMAL  ENVIRONMENT 


Postural  Adjustments 

Postural  changes  influence  heat  exchange  between  the  body 
and  the  environment  in  various  ways  according  to  the  species 
considered.  The  result  is  always  a  modification  of  the 
relative  surface  of  the  organism.  Expanded  postures  in¬ 
crease  heat  exchange  by  increasing  the  surface/volume  ratio. 
Retracted  postures  decrease  heat  exchange.  Positioning  the 
body  vis-^-vis  solar  raaiation  is  the  same  ti'pe  of  behavior. 

Behaviors  of  this  type  that  facilitate  either  heat  loss 
or  heat  gain  have  been  reported  in  scorpions  (Alexander  and 
Ewer,  1958)  and  many  insects:  orthoptera  (Fraenkel,  1929), 
lepidoptera  (Clench,  1966),  odonata  (Tracy,  et  al.,  1979). 

The  elytrons  of  a  desert  coleopter  Onymacris  plana,  and 
probably  of  other  species  as  well,  reflect  solar  radiation 
with  a  wavelength  shorter  than  700  nm,  but  absorb  longer 
waves.  This  insect  basks  in  the  sun  in  morning  and  evening 
when  the  sun  is  low  in  the  sky.  Then  60  percent  of  solar 
radiation  is  700  nm  and  above.  At  midday,  on  the  other 
hand,  it  does  need  heat  and  is  better  protected  since  solar 
radiation  contains  no  more  than  50  percent  radiation  with  a 
wavelength  longer  than  700  nm  (Henwood,  1975) . 

Use  of  solar  heat  and  postural  adjustments  relative  to 
solar  radiation  have  also  been  described  in  anphibians 
(BPattstrom,  1963) ,  reptiles  (whose  behavior  means  basking 
in  the  French  language),  (Saint  Girons,  1956;  Bartholomew, 
1966;  De  Witt,  1971;  Cruce,  1972;  Cloudsey-Thompson,  1972) , 
albatrosses  and  gulls  (Bartholomew,  1964;  Lustick,  et  al., 
1978) ,  kangaroos  (Dawson,  1972) ,  lagomorpha  (Schmidt- 
Nielsen,  et  al.,  1965;  MacArthur  and  Wang,  1974),  rodents 
(McEwen  and  Heath,  1973) ,  pinnipedes  (Fay  and  Ray,  1968;  Ray 
and  Smith,  1968;  Odell,  1974),  and  in  dromedaries  (Pilters- 
Gauthier,  1961) .  To  resist  cold,  these  animals  raise  their 
bodies ,  spread  their  limbs  and  place  themselves  perpen¬ 
dicular  to  the  sun's  rays;  to  resist  heat  they  squat,  crouch 
and  face  the  sun.  In  the  gull  Larus  argentatus  this  posi¬ 
tion  minimizes  heat  gain  because  the  bird  thus  exposes  only 
white  surfaces  (Lustick,  et  al.,  1978). 

These  very  simple  postural  adaptations  can  be  extremely 
efficient,  not  only  for  a  butterfly  whose  surface  becomes 
almost  virtual  when  its  wings  are  parallel  to  the  sun's 
rays,  but  also  in  bigger  and  more  globular  animals.  For 
example  the  area  of  projection  of  a  dog  varies  from  1  to  3 
between  face  and  profile.  A  steer  receiving  the  sun  at  a 
30°  angle  can  double  the  amount  of  heat  gained  by  changing 
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its  position  from  parallel  to  perpendicular  to  the  rays 
(Ingram  and  Mount,  1975)  .  In  the  same  way  the  pattern  of 
the  human  body  varies  by  a  factor  of  5  or  6  when  the  person 
changes  from  crouched  with  the  limbs  close  to  the  body  to 
"spread  eagle"  (Vaughan,  et  al.,  1977).  The  efficiency  of 
this  very  simple  behavior  is  extremely  impressive. 

Postural  adjustments  are  also  quite  efficient  for  con¬ 
trolling  heat  loss.  Piglets  spread  their  limbs  in  warm 
environments  and  hold  therr.  close  to  the  body  in  cool  envi¬ 
ronments  (MDunt,  1968) .  The  monkey  Aotas  trivirgatus 
doubles  its  rate  of  water  evaporation  at  ambient  tempera¬ 
tures  above  30  °C  just  by  spreading  its  limbs;  below  30  °C 
it  tends  to  hold  its  limbs  closf^  to  its  body  (Lc  Mahc,  ct 
al.,  1981).  The  rabbit  has  been  observed  to  adopt  three 
fundamental  positions:  spread  out  in  a  warm  environment, 
relaxed  at  tepid  temperatures  and  ball-like  in  a  cold  envi¬ 
ronment.  Thus  it  is  able  to  keep  its  metabolism  constant  at 
ambient  temperatures  ranging  from  30  °C  to  0  °C  (McEwen  and 
Heath,  1973) .  Sled  dogs  adopt  the  samn  variety  of  postures 
and  remain  at  resting  metabolism  in  ambient  temperatures  as 
low  as  -30  °C  (Schoiander,  et  al.,  1950). 

Postural  changes  also  control  heat  exchange  with  water 
efficiently.  The  survival  time  of  human  subjects  in  cold 
water  is  approximately  doubled  if  they  adopt  a  crouched 
position  rather  than  swim.  It  is  therefore  advisable  not  to 
try  to  swim  to  the  shore  if  a  shipwreck  takes  place  more 
thaji  1.4  km  out  at  sea  (Hayward,  et  al.,  1975). 


Avoidance  of  Noxious  Environments 
and  Search  for  Favorable 
En’dronments 

As  soon  as  locomotion  is  present,  animals  respond  to 
ambient  temperature  by  displacement.  This  is  easy  to  ob¬ 
serve  in  domestic  animals  which  frequently  sleep  by  the 
stove  or  the  fireplace.  Close  observation  shows  that  all 
species  are  able  to  display  comparable  behaviors.  It  is 
impossible  to  cite  a  complete  list  of  all  the  studies  of 
this  behavior.  The  following  list  is  limited  to  a  few 
examples.  Arachnids  (Alexander  and  Ewer,  1958;  Abushama, 
1964;  Seymour  and  Vinegar,  1973;  Carrel,  1977) ,  insects 
(Heath,  et  al.,  1971;  Casey,  1976),  molluscs  (Rising  and 
Armitage,  1969;  Edney,  1957;  Jaremovic  and  Rollo,  1979) , 
Crustacea  (Miller  and  Vernberg,  1968) ,  amphibians  (Bratt- 
strom,  1963;  Cunningham,  1963;  Tester  and  Breckenridge, 
1964;  Licht  and  Brown,  1967)  bask  in  the  sun,  seek  shade  or 
bury  themselves  to  obtain  heat  or  to  avoid  it  or  to  avoid 
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frost.  Many  studies  focus  on  reptiles,  mostly  lizards 
(Saint  Girons  and  Saint  Girons,  1956;  Mayew,  1963;  Heath, 
1964;  Bartholomew,  1966;  McGinnis  and  Dickson,  1967;  De 
Witt,  1971;  Clouds ley Thon5>son,  1972;  Cruce,  1972;  Johnson, 
1972;  Spelleberg,  1972;  Barber  and  Crawford,  1977;  Huey,  et 
al.,  1977;  Fitzpatrick,  et  al.,  1978),  but  also  tortoises 
(Boyer,  1965)  and  snakes  (Saint  Girons  and  Saint  Girons, 
1956;  Stewart,  1964;  Cloudsley-Thoitpson,  1972)  .  These  ani¬ 
mals  too  alternate  their  stays  in  the  shade  and  in  the  sun 
nnd  bury  themselves.  The  efficiency  of  this  behavior  is  of 
course  a  function  of  the  available  environment.  Endotherms 
also  use  it:  during  the  hottest  part  of  the  day,  Arizona 
Jack  reibbits  (SchmidtNielsen,  et  al.,  1965)  as  well  as 
steers  (Adeyemo,  et  al.,  1979)  rest  in  the  shade  where  they 
radiate  heat  toward  the  clear  sky.  Sparrows  choose  warm 
irradiation  or  cool  breezes  according  to  the  prevailing 
ambient  tenperature  (Dejor.g,  1979) . 

A  special  case  of  this  behavior  consists  in  alternating 
air  and  water  environments.  Humans  by  the  millions  behave 
this  way  on  sea  shores  without  knowing  they  th>»rmoregulate 
thereby.  This  behavior  is  common  in  semi-aquatic  animals 
such  as  the  marine  iguana  (Bartholomews,  1966) ,  the  alli¬ 
gator  (Smi.th,  1975)  ,  and  the  hippopotamus  (Cena,  1964)  .  The 
rat  will  bathe  in  water  when  necessary,  if  a  tub  is  avail¬ 
able  (Strieker,  et  al.,  1968).  Domestic  animals  will  fre¬ 
quently  demonstrate  this  behavior. 

Another  form  of  this  behavior  is  gregarism  (huddling) 
displayed  by  many  species  including  bees  (Heinrich,  1981) . 
It  is  used  most  often  in  cold  environments  but  also  in  hot 
environments.  Dromedaries  tend  to  stay  close  to  each  other 
in  order  to  avoid  hot  environmental  radiation  (Pilters- 
Gauthier,  1961) .  Sheep  adopt  the  same  behavior.  However, 
most  often  individual  subjects  tend  to  disperse  in  a  warm 
environment  and  to  gather  together  in  a  cold  environment,  as 
was  reported  in  rat  pups  (Cosnier,  1965)  ,  in  adult  bats 
(Licht  and  Leitner,  1967)  and  in  piglets  (Mount,  1968) . 
This  behavior  is  frequent  in  new  borns  of  species  with  a 
late  maturity.  It  permits  noticeable  metabolic  savings: 
20  day  old  rat  pups  reduced  their  thermogenesis  by  32  per¬ 
cent  at  21  °C  ambient  temperature  (Cosnier,  et  al.,  1965; 
Alberts,  1978) .  The  reduction  amounted  to  50  percent  in  7 
and  16  day  old  mouse  pups  (Stanier,  1975) .  Young  hamsters 
until  the  age  of  8  days  (Leonard,  1978),  field  mice  (Tertil, 
1972) ,  naked  rats  (Withers  and  Jarvis ,  1980) ,  and  even  some 
snakes  (Aleksius,  1977)  have  been  reported  to  behave  simi¬ 
larly.  Paradoxically,  gregarism  may  increase  oxygen 
consumption  of  mouse  pups  because  it  is  accompanied  by  agi¬ 
tation  (Bryant  and  Hails,  1975) .  Huddling  is  as  efficacious 
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as  crouching  in  humans  after  a  wreck  at  sea  (Hayward,  et 
al.,  1975).  In  the  Antarctic,  emperor  penguins  are  thus 
able  to  remain  at  their  resting  metabolism  even  at  ambient 
tenperatures  as  low  as  -10  °C  (Le  Maho  and  Delclite,  1974; 
Le  Maho,  et  al.,  1976;  Le  Maho,  1977). 

In  the  laboratory,  avoidance  of  noxious  temperatures  and 
search  for  favoreible  temperatures  is  usually  studied  with  a 
temperature  gradient  also  designated  a  thermocline  or 
multiple-conpartment  shuttlebox.  In  such  a  device,  after  a 
period  of  time  for  exploration,  the  animal  sojourns  in  its 
preferred  temperature,  or  thermopreferendum  (Viaud,  1955) . 
Probably  the  oldest  such  experiment,  historically  as  well  as 
phylogenetically,  was  reported  by  Mendelssohn  (1895)  who 
observed  a  population  of  paramecia  moving  toward  their  ther¬ 
mopreferendum  of  24-28  °C  in  a  water  gradient  extending  from 
12  to  36  “C. 

This  method  has  been  used  with  many  species.  Table  I 
gives  a  non-exhaustive  list.  More  information  will  be  found 
elsewhere  (see  Prosser,  19/3;  Whittow,  1970).  The  tenper- 
ature  gradient  and  the  shuttlebox,  coitplex  or  sinple  with 
only  two  or  three  boxes,  are  advantageous  because  they 
resemble  the  natural  environment.  The  few  field  studies 
quoted  above  show  that  the  nstural  preferendum  is  the  same 
as  that  determined  in  the  laboratory.  This  behavior  can  be 
considered  as  fundamental,  i.e.,  it  is  efficacious  in 
response  to  the  animal's  thermal  needs.  However  it  has  two 
disadvantages.  The  first  one  for  the  experimenter;  the 

animal's  locomotion  may  hamper  the  measurement  and  recording 
of  various  physiological  parameters.  This  problem  is 
usually  solved  by  using  instrumental  conditioning  (s 
below) .  The  second  disadvantage  is  for  the  animal :  tne 
locomotion  iitplies  that  all  the  animal's  activity  is  devoted 
to  environmental  iitprovement  or  thermo  regula  cion.  This 
behavior  is  therefore  competitive  with  other  behaviors. 
Only  a  handful  of  studies  have  been  devoted  to  this  problem. 


Specific  Behaviors 

We  saw  above  that  animals  of  all  spec)  iS  will,  when  ne¬ 
cessary,  improve  or  limit  their  heat  loss  by  using  their 
posture  or  by  moving.  Each  species  possesses  one  or  several 
preferred  postures,  as  we  saw  in  the  case  of  the  rabbit 
(McEwen  and  Heath,  1973) .  This  is  especially  evident  in 
rodents:  rat,  mouse,  gerbil,  hamster,  and  guinea  pig  use 
body  extension,  locomotion,  and  grooming  preferentially 
(Roberts,  et  al.,  1974).  In  addition,  some  species  use 
behaviors  made  possible  by  an  anatomical  or  ecological 
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Hyla  regilla  25  Claussen  (1973) 
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Cox,  et  al .  (1975) 
Johanson  ( 1979) 

Sigmodon  hispidus  24-29  Kirksey ,  et  al .  (1975) 
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Michel  Cabanac 


characteristic  -if  the  species  or  made  necessary  to  compen¬ 
sate  for  a  givtn  deficit  of  the  species,  as  shown  in  the 
following  exampi-’s. 

Penguins  ingest  ice  (Hammel,  1971) ;  beavers  tend  to  keep 
their  tail  immersed  in  water  during  heat  waves  (Steen  and 
Steen,  1965);  alligators  keep  their  mouth  open  and  thus 
accelerate  the  relative  warming  of  the  head  compared  to  the 
rest  of  the  body  (Spotila,  et  al,  1977).  Many  animals  fan 
themselves  and  thus  increase  their  convective  heat  loss: 
seals  with  their  flippers  (Bartholomew  and  Wilke,  1956) , 
elephants  with  their  ears,  sea  birds  with  their  palmed  feet 
(Bartholomew,  1964) ,  and  ostriches  with  their  wings  (Hel- 
mendach,  et  ai . ,  1965).  In  addition,  ostriches  erect  their 
feathers  in  order  to  shade  their  glabrous  skin  areas.  It 
was  even  proposed  that  the  fossil  lizard  Dimetrodon  grandis 
used  its  dorsal  sail  for  the  behavioral  control  of  heat  loss 
in  the  shade  and  heat  gain  in  the  sun  (Bramwell  and  Felgett, 
1975) .  Some  species  lacking  autonomic  evaporative  heat  loss 
capability  use  an  expensive  behavior:  they  spread  saliva  on 
their  glabrous  sKin  areas  in  their  fur  and  thus  compensate 
for  the  absence  of  sweat.  This  has  also  bee-'i  described  in 
marsupials  (Martin,  1903;  Bartholomew,  1956)  although  they 
also  can  pant.  Although  this  behavior  seems  not  to  be 
totally  specific  to  heat  defense  (Feyereisen  and  Blondiau, 
1978)  ,  it  is  the  main  response  to  hyperthermia  in  the  rat 
(Hainsworth,  1967) .  Desalivation  of  rats  placed  in  a  hot 
environment  is  followed  by  hyperthermia  that  is  potentially 
lethal  (Hainsworth  and  Strieker,  1969;  Lipton  and  Marotto, 
1969;  Strieker  and  Hainsworth,  1970;  Toth,  1973;  Cabanac,  et 
al.,  1976).  Storks  adopt  a  somewhat  comparable  behavior 
since  they  defecate  their  liquid  feces  on  their  vasodilated 
legs  and  thus  improve  their  evaporative  heat  loss  when  am¬ 
bient  temperature  increases  (Kahl,  1963) .  Nocturnal 
activity  is  probably  a  thermoregulatory  adaptation  to  desert 
life  enabling  the  animal  to  avoid  day  heat.  While  the  peri¬ 
odic  disappearance  of  food  is  probably  the  main  cause  of 
bird  migrations  (Blondel  and  Frochot,  1972) ,  it  is  neverthe¬ 
less  possible  that  ambient  temperature  participates  in  its 
determinism. 

The  above  enumeration  does  not  pretend  to  be  exhaustive; 
however  it  casts  some  light  on  the  innumerable  solutions 
found  by  various  species  to  solve  their  common  problem, 
thermoregulation . 
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Building  Micro-Environments 

This  activity  is  not  reserved  to  humans. 


1.  In  Animals.  Many  species  are  able  to  control  their 
environment  by  building  nests,  burrows,  or  dens.  In  very 
ancient  species  such  as  scorpions  (Alexander  and  Ewer,  1958; 
Hadley,  1970,  1974)  or  lice  (Edney,  1957)  the  burrow  offers 
a  good  thermal  protection.  This  protection  increases  in 
social  insects.  They  produce  behaviorally  a  practically 
constant  temperature  for  the  colony  throughout  the  year. 
This  constancy  has  been  reported  in  termites,  bees,  and 
wasps.  When  the  outside  temperature  drops,  the  imagos  in¬ 
crease  their  activity  and  their  themx>genesis  (Lindauer, 
1951;  Stussi,  1967)  ;  at  the  same  time  they  increase  the 
ventilation  of  the  hive  to  provide  enough  oxygen  (Stussi, 
1967) .  Thermogenesis  and  nest  temperature  are  functions  of 
the  amount  of  sugar  stored  (Roland,  1969) .  During  hot 
weather,  active  ventilation  of  the  hive  is  also  increased  to 
inprove  convective  and  evaporative  heat  loss  (Hazelhoff, 
1954) .  Occasionally,  bees  (Lindauer,  1954)  and  wasps 
(Roland,  1969)  carry  water  from  outside  to  the  combs  to  let 
it  evaporate. 

Building  sophisticated  microclimates  is  displayed  by  ver¬ 
tebrates  as  well  as  social  insects.  However,  it  is  usually 
limited  to  the  protection  of  immature  offsprings.  We  shall 
therefore  discuss  it  below,  under  parental  behavior. 


2.  In  Humans.  For  purposes  of  thermoregulation,  humans 
use  clothing  and  build  houses  that  are  heated  or  cooled. 
Weather  prediction  is  also  partly  thermoregulatory  in  its 
purpose.  There  is  practically  no  limit  to  the  efficiency  of 
these  behaviors  whiob  allow  humans  and  commensal  species  to 
live  permanently  with  inproving  technology,  in  favorable 
environments  even  when  external  conditions  are  extremely 
aggressive  such  as  at  the  poles,  under  the  sea,  and  on  the 
moon  (Stolwijk,  1970) , 

However,  milleniums  before  humankind  was  able  to  accom¬ 
plish  such  prowess,  humans  lived  in  all  climates  with  the 
help  of  some  sinple  but  efficacious  techniques.  A  canpfire 
produces  enough  heat  to  permit  naked  subjects  to  remain  at 
their  resting  metabolism  and  sleep  at  night  while  ambient 
temperature  approaches  0  °C  (Scholander,  et  al.,  1958). 
Under  their  clothes,  Sams  (Lapps)  live  in  a  subtropical 
climate,  in  terms  of  temperature  and  humidity  (Scholander, 
et  al.,  1957).  This  is  also  true  for  the  bed  (Goldsmith  and 
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Hampton,  1968;  Ccindas,  et  ai.,  1978;  Muzet,  et  al.,  1978). 
A  mere  sleeping  bag  made  of  down  with  a  hood  maintains  skin 
tenperature  at  32  “C  while  ambient  temperature  drops  to 
-33  °C;  however  the  occupants  may  complain  of  feeling  cold 
(Buguet,  et  al.,  1976).  Dxiring  long  term  sojourns  in  ant¬ 
arctic  climes,  a  negative  proportionality  was  found  betv/een 
outside  temperature  down  to  -50  “C  cuid  the  number  of 
clothing  layers  worn  by  human  subjects  (Rogers,  1973) .  Such 
quantitative  adjustment  shows  both  the  adaptability  and  the 
efficiency  of  this  behavior  (Goldmcui,  1974;  Shkolnik,  et 
al . ,  1980) .  The  adaptability  cuid  insulating  power  of 
clothing  was  quantitatively  defined  by  Gagge,  et  al.  (1941) 
who  defined  a  new  unit,  the  do: 

1  do  =  0.155  “C  •  m^  •  W 

One  do  is  approximately  the  amount  of  insulation  provided 
by  one  layer  of  light  cotton  clothes  (See  Chapter  2) . 

Homes  and  buildings  fulfill  the  same  function  as  clothes 
with  regard  to  microclimate.  Their  efficacy  is  also  infi¬ 
nite.  After  empirical  investigations  that  span  millenia, 
engineers  eind  physiologists  can  quantify  with  precision 
human  heat  balance  under  a  wide  variety  of  conditions 
(Gagge,  et  ai.,  1967;  Hardy,  1971;  Fanger,  1970;  Gagge,  et 
ai . ,  1971;  Oleson,  et  ai.,  1972,  1973;  Thompson,  1972; 
Rohles,  1974;  Nishi  and  Gagge,  1974,  1977;  Gonzalez  and 
Nishi,  1976;  Vogt,  et  ai.,  1977).  It  is  now  possible  to 
predict  with  great  precision  the  conditions  and  limits  of 
thermal  comfort.  Heat  balance  is  the  only  relevant  dimen¬ 
sion  since,  contrary  to  common  belief,  neither  color  nor 
noise  influence  the  perception  of  thermal  comfort  (Fanger, 
et  al.,  1977).  The  result  of  building  a  microclimate, 
whether  by  clothing  or  housing,  is  the  freeing  of  behavior 
for  other  purposes. 


Parental  Behavior 

Thermoregulatory  behavior  can  also  be  a  social  activity 
when  parents  defend  their  offsprings  before  and  after  birth 
■'T  hatching,  against  noxious  ambient  temperatures,  most 
often  ?gainst  the  cold.  In  many  species,  newborns  are  im¬ 
mature  and  would  not  survive  v/ithout  their  paren\:s  protec¬ 
tion  (Ginglinger  and  Kayser,  1929;  Blix  and  Steen,  1979). 

Such  thermal  protection  is  quite  frequent  since  it  is 
displayed  even  by  insects.  For  example,  by  quasi-shivering 
imago  wasps  (Ishay,  1972)  and  bees  (Heinrich,  1972)  rewarm 
the  nymphae  up  to  32  °C,  the  temperature  favorable  to  their 
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developnent.  The  same  behavior  is  adopted  by  the  female 
python  which  broods  when  ambient  temperature  falls  below 
33  ®C  (Hutchison,  et  al . ,  1966).  Brooding  birds  maintain 
their  eggs  at  a  constant  temperature  (White  and  Kinney, 
1974) .  The  female  beluga  seeks  warm  waters  to  deliver  her 
calf  (Sergent,  1973) . 

After  birth  or  hatching,  brooding  is  still  intense  espe¬ 
cially  in  polar  species,  and  is  a  prerequisite  of  survival 
(Le  Maho,  1977).  Parents  provide  both  heat  and  thermal 
insulation.  Chicks  can  spend  up  to  90  percent  of  their  time 
under  their  parents'  wings  if  the  weather  is  cold  (Theberge 
and  West,  1973;  Boggs,  et  al.,  1977;  Sherry,  1981);  as  a 
result,  the  chicks  cloacal  ten^>erature  remains  8  to  10  ®C 
higher  than  that  of  vinprotected  chickens  (Barth,  1949). 
Brooding  of  the  cub  was  also  reported  in  the  polar  bear 
(Kost'Yan,  1954) ,  a  species  whose  newborns  are  especially 
immature.  In  both  hot  and  cold  environments,  birds  also 
shade  their  chicks  under  their  wings  (Bartholomew,  1964) . 

Burrows  and  dens,  in  addition  to  defending  occupants 
against  predators,  maintain  a  tenperature  favorable  to  the 
offspring.  The  mere  presence  of  the  mother  polar  bear  is 
sufficient  to  maintain  the  ice  den  near  0  "C  while  external 
temperature  is  -30  ®C  (Blix  and  Lentfer,  1979) .  The  mother 
rat  keeps  the  ambient  temperature  in  the  nest  between  14  and 
18.5  °C.  If  the  nest  temperature  tends  to  rise  above 
18.5  "C  she  moves  the  nest  to  another  place;  if  the  temper¬ 
ature  drops  below  14  ®C  she  increases  its  insulation 
(Gelineo  and  Gelineo,  1952) .  Hxunmingbirds  (Horvath,  1964) 
and  terns  (Howell  and  Bartholomew,  1962)  also  move  and 
orient  their  nests  to  keep  a  constant  temperature  therein. 
As  a  result,  the  offspring’s  metabolism  remains  low:  there 
is  no  need  for  autonomic  thermogenesis  to  increase  (Bryant 
and  Hails,  1975;  Alberts,  1978).  The  resulting  nest  tem¬ 
perature  is  then  not  favorable  for  the  mother,  whose  neutral 
temperature  is  lower  than  that  of  the  pups,  and  she  must 
leave  the  nest  (croskerry,  et  al.,  1978).  In  fact  the  ther¬ 
mal  protection  of  the  pups  is  controlled  by  the  mother's 
body  temperat'ore :  when  her  body  ten5>erature  increases, 
bouts  of  nest  building  tend  to  become  less  frequent  (Leon, 
et  al.,  1978).  Nest  building  in  mice  seems  to  be  related  to 
progesterone  concentration  (Lynch  and  Possidente,  1978) . 

Human  newborns  are  also  quite  immature,  in  that  their 
autonomic  responses  are  able  to  make  them  independent  of 
tenperature  only  at  the  age  where  their  motor  and  verbal 
development  ma.kes  them  behaviorally  independent.  Parents 
must  therefore  take  care  of  their  bcby's  temperature  regu¬ 
lation.  Adults  frequently  underestimate  both  the  excessive 
insulation  that  they  provide  and  the  baby's  high  thermolysis 
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due  to  a  small  volume/surface  area  ratio  (Motil  and  Black¬ 
burn,  1973)  .  Even  trained  hospital  staff  make  the  same 
mistake  (Chance,  et  ai.,  1973).  Fortunately  the  new  born 
"closes  the  loop"  and  alerts  its  parents  by  crying  when 
thermally  uncomfortable  (Briick,  et  al. ,  19^2;  Brlick,  1968). 


Operant  Behavior 

Weiss  (1957)  and  Carlton  and  Marks  (1958)  first  modified 
the  operant  conditioning  paradigm  to  study  thermoregulatory 
behavior;  they  allowed  rats  to  press  a  bar  and  to  thus 
obtain,  not  the  classical  alimentary  reward,  but  a  thermal 
reward.  In  general,  each  press  on  the  lever  provides  a  puff 
of  cold  air  or  a  few  seconds  of  infrared  heat.  In  other 
situations  the  press  removes  noxious  infrared  heat  for  few 
seconds.  As  soon  as  the  animal  has  learned  how  to  use  the 
device  at  its  disposal  the  experimenter  is  able  to  obtain  a 
quantitative  measurement  of  behavior,  either  bar  pressing 
frequency  or  a  more  informative  measure,  total  time  spent 
pressing  the  lever  (Hamilton,  1959) .  The  latter  permits 
measurement  of  both  the  animal's  motivation  and  the  heat 
gained  -  or  lost  -  through  behavior. 

After  its  introduction,  this  method  was  widaly  adopted 
and  extensively  used  principally  with  rats  as  subjects,  but 
also  with  many  other  kinds  of  animals.  A  tentative  list  is 
given  in  Table  II .  In  deriving  experimental  results  with 
this  method,  one  should  keep  in  mind  an  important  limi¬ 
tation:  bar  pressing,  or  non  pressing,  can  also  be  a  non¬ 
specific  behavior  resulting  from  general  excitation  or 
apraxia.  A  response  should  be  considered  thermoregulatory 
only  if  it  fulfills  at  least  one  of  the  following  three  con¬ 
ditions: 

the  response  must  be  accompanied  by  its  symmetrical 
response,  e.g.  augmented  pressing  for  heat  and  diminished 
pressing  for  a  cold  stimulus; 

the  response  is  a  quantitative  function  of  ambient 
temperature  and/or  of  the  animal's  body  temperature.  The 
most  likely  function  is  direct  proportionality; 

the  response  magnitude  is  a  function  of  the  stimulus 
intensity. 

Several  empirical  trials  are  required  to  select  the  op¬ 
timal  rewarding  stimulus.  When  the  intensity  of  the 
stimulus  is  varied  the  animal  tends  to  decrease  its  behavior 
with  both  weak  and  strong  stimuli.  When  the  optimal  stimu¬ 
lus  intensity  is  found  empirically,  it  is  then  necessary  to 
check  that  accompanying  stimuli  such  as  noise  or  light  are 
not  also  rewarding  or  aversive  (Sabourin,  et  al.,  1973). 


Table  II  continued 


I 


0^ 

« 

o 

• 

•p  1 

o 

••k 

M 

• 

to  3 

rH 

c\ 

p 

••k 

fa 

R 

rH 

« 

•H 

VO 

-P  P 

• 

to 

X 

p 

b 

•u 

• 

t-- 

0)  Q 

c 

fa 

•o 

01 

p 

<u 

C'l 

O 

VO 

0 

• 

X 

< 

rH 

■H 

o 

rH 

•» 

p 

■p 

p 

(tl 

00 

O  ••« 

<y4 

(i 

fa 

0) 

tn 

00 

6 

Oi 

tlj  ^ 

H 

*iH 

fa 

p 

vD 

fa 

rH 

to 

C  H 

PI 

4J 

K 

VD 

H 

x: 

IS 

cn 

p 

(U 

ta  x 

•» 

0) 

P 

X 

Oi 

rH 

01 

■P 

X  01 

ro 

IS 

•H 

a> 

01 

•H 

:t 

c 

lO 

tz  rH 

r>* 

tO 

rH 

rH 

P 

to 

H 

+3 

X 

u  — 

(Ti 

X 

0) 

"3 

;s 

x; 

XI 

(u 

iH 

p 

rH 

1=6 

CO 

0) 

«1 

•'  o 

to 

to 

■va* 

P 

iS 

K 

tO 

rH 

o 

X 

P 

io 

« 

flS 

ro 

c 

r-  c 

0 

u 

01 

•H 

p 

p 

r- 

•H 

lO  to 

a) 

fa 

rH 

P 

•iH 

u 

tn 

VO 

a\ 

& 

s-§  § 

(Tk 

to 

to 

r' 

(Ti 

»— i 

in 

-6 

X 

V0 

tS 

*5 

<n 

fH 

rH 

--  u 

x 

O' 

lO 

H 

< 

rH 

01 

tCJ 

10 

01 

rH 

rH 

e 

rH 

03 

H  i3 

u 

01 

rH 

a\ 

P 

X 

(3 

0) 

rH 

rH 

•H 

01 

■P 

rH 

to 

3 

U 

p 

01 

g 

1 

IS 

• 

vD 

to 

to 

'jt 

X 

rH 

Q 

0 

to 

in  Co 

to  tO 

P  to 

• 

tp 

to 

X  VO 

M 

< 

oi 

S 

•p 

c 

H 

p 

‘H 

sc  --H 

0)  3 

•p 

to 

3 

0) 

(T» 

•rH 

rH 

» 

■p 

H 

01 

01  P 

u 

•H  0 

to 

0) 

X 

rH 

ca 

X 

c3 

to 

c 

rH  OJ 

la  3 

•0  -H 

p 

p 

b 

•  • 

to 

tZ 

H 

^  -rj 

Q 

X  -P 

p 

0) 

3 

Q 

< 

c 

■P 

(U 

C 

lU  to 

0) 

0 

•P 

Q 

0) 

13 

0 

p 

-0 

O 

c 

rH 

•*. 

V. 

c  '3 

0  •' 

«  9! 

•p 

0 

rH 

•  % 

to 

0} 

P 

•o 

•H 

to 

(U 

•H  E 

CO  ^ 

1  s 

Q) 

p 

to 

rH 

CO 

«» 

(fl 

**H 

m 

•H 

>  ,<0 

c  o 

(U  0 

to 

to 

0) 

0) 

»H 

o 

to 

S 

p 

A 

to 

'O 

rH 

P 

■d  tp 

•p  x 

X!  "O 

CO 

Oi 

c 

p 

•P 

P 

H 

X 

« 

p 

U 

3 

H 

P 

01 

<0 

Qj  H 

XI  01 

O 

'H 

0 

CO 

P 

P 

Cl 

X 

*p 

Q 

to  ^ 

(8 

H 

<u 

to  to 

r-v  Q  H 

Al)  P 

0) 

0 

0 

•p 

■a -3  a 

rH 

01 

IS 

p 

a 

01  ffl 

U 

to 

(U 

m  -p 

01  «  ^ 

P  -P 

P 

’3 

X 

04 

H 

tn 

to  -H 

■r< 

X! 

0 

M 

lO 

Qi 

3 

•p 

O' 

3  P< 

CO 

<0 

Q 

flj 

u 

to 

« 

to 

w 

Co  ' 

O 

CJ 

Ip 

Ci 

03 

X 

<D 

• 

««• 

Ol 

IS 

00 

p 

C 

•  «. 

rH 

vO 

•«k 

c 

p 

<i> 

TO 

• 

• 

in 

X 

IS 

— ' 

CD 

p 

Ol 

x*s 

o 

p 

iS 

fl) 

o 

M 

r* 

rH 

to 

rH 

CJl 

p 

•rH 

R 

CJ 

TO 

4J 

TO 

X 

cn 

c 

P 

to 

X 

VO 

Ol  X 

r- 

a 

X 

p 

tn 

S 

TO 

X 

rH 

to 

to 

<u 

•H 

(U 

00 

Ol 

•rH 

p 

01 

rH 

(rt 

p 

CN 

to 

X*S 

•U 

01 

VO 

R 

to 

rH 

cn 

vO 

c 

rH 

X 

0 

rH 

te 

X 

t*. 

«» 

x^ 

TO 

X 

VO 

y 

X 

P 

01 

0 

v-r 

o 

01 

0) 

> 

01 

u 

„x^ 

0 

VD 

p 

01 

O 

c 

to 

IS 

H 

p 

IS 

rH 

M 

< 

rH 

a 

CO 

ro 

■N* 

TO 

r- 

01 

0 

rH 

<U 

cn 

U 

Qj 

o 

to 

TO 

Q 

r^ 

X 

C 

01 

iH 

to 

p 

p 

*>mA 

CQ 

p 

•H 

p 

X 

X-N 

P 

& 

C7> 

01 

01 

TO 

fH 

>1 

0) 

c 

vS 

t*. 

0) 

<u 

p 

p 

in 

*P 

01 

x*% 

rH 

IS 

rH 

rH 

X 

A 

•iwx 

(U 

X 

to 

<y 

•  % 

x-*s 

cn 

c 

0 

to 

c 

X 

f»> 

o 

x-r 

•v— X 

TO 

f 

p 

0 

u 

rH 

(U 

•H 

0 

•s 

p 

H 

01 

p 

01 

,x-s 

r- 

01 

C 

U 

to 

M 

X 

•p 

CO 

o 

rH 

Id 

p 

X*N 

u 

rH 

w 

X 

H 

01 

rH 

■P 

• 

rC 

c 

(U 

TO 

p 

IS 

•H 

to 

o 

a 

to 

CD 

a 

'-r 

X 

rH 

P 

+J 

TO 

•«» 

p 

§ 

p 

rH 

<j\ 

•H 

rH 

cu 

VO 

*•» 

vS 

01 

3 

TO 

0 

R 

p 

4J 

p 

w 

ip 

U 

rH 

rH 

'*«<' 

rH 

01 

IS 

c 

CO 

X 

4J 

0 

H 

p 

in 

cu 

TO 

a 

vp 

fd 

P 

•p 

rH 

o 

0 

p 

CO 

U 

X 

-W 

P 

cn 

tS 

0 

o 

•«k 

to 

OJ 

X— s 

a 

c 

r- 

-p 

•p 

to 

U 

0 

TO 

0) 

a 

01 

». 

•H 

a 

XI 

u 

rH 

01 

o 

o\ 

Oh  X 

X 

(U 

Ol 

cn 

x-^ 

s 

H 

tS 

U 

x^ 

c 

'3 

•P 

(0 

X 

<s 

P 

p 

rH 

•P 

p 

03 

•d 

> 

TO 

n 

0) 

CN 

(U 

Cn 

p 

•H 

<n 

CU 

Oh 

X 

p 

p 

irt* 

15 

•H 

a 

IS 

u 

•H 

a 

p 

a 

to 

VO 

to 

rH 

H 

c 

td 

•P 

O 

(0 

■p 

01 

V 

TO 

no 

01 

tu 

•p 

on 

VD 

Ol 

01 

U 

v-^ 

•p 

s 

» 

iS 

x^ 

a 

& 

CN 

p 

rH 

TO 

rH 

C 

Sp  X 

o 

•d 

a\ 

vO 

vO 

OJ 

cu 

0 

•  <» 

o 

(S 

X 

3 

'*-x 

■d 

0 

TO 

*«»x 

N 

X 

rH 

01 

01 

U 

p 

p 

p 

fa 

14 

o 

cn 

0 

a 

s 

X 

X 

(U 

rH 

rH 

cu 

to 

u 

x-> 

X 

o 

01 

X 

rH 

X 

no 

X 

TO 

1 

• 

c 

X 

rl 

ca 

Cn 

Ui 

rH 

4J 

0 

rH 

td 

01 

•r\ 

TO 

0 

TO 

ca 

O 

(U 

TO 

3Z6 


Table  II  continued 


I 


m  cn  . 
•'  »•  r'  ^ 
•-  13  ^  V)  -H  (I)  0^ 


<N 

4) 

fH 

fH 

iH 

r' 

15 

c 

N 

'w' 

13 

0 

Ok 

tn 

0) 

<Ti 

4J 

4) 

g 

rH 

r' 

to 

rH 

'rH 

• 

CO 

rH 

Oi 

4) 

N.^ 

A 

M 

•H 

iH 

w 

fQ 

4) 

• 

O 

• 

S 

to 

<-N 

M 

4J 

VO 

•H 

J3 

<N 

OJ 

0) 

(8 

r' 

a> 

C4 

(Ti 

'O' 

■U 

h- 

H 

b 

nj 

rH 

4) 

cn 

4J 

01 

V£> 

<n 

rH 

rH 

<3 

r^ 

*> 

rH 

4) 

in 

>»✓ 

cr» 

rH 

C 

b 

r>- 

rH 

iH 

•  s 

<u 

y 

<y\ 

Ch 

4) 

> 

«>~S 

<Ti 

4J 

to 

q- 

•H 

rH 

4) 

<N 

rH 

(U 

4) 

cn 

4) 

> 

•H 

w 

VO 

C 

rH 

rH 

rH 

4) 

U 

<D 

c 

C\ 

c 

o 

CQ 

• 

a 

O 

Q) 

rH 

• 

0 

■H 

0$ 

•«H 

M 

to 

• 

(8 

•% 

rH 

Ok 

ttS 

to 

M 

.rr'^ 

U) 

<8 

• 

H 

<8 

GO 

■U 

vO 

in 

a 

(0 

4J 

q- 

4) 

0) 

<ts 

0) 

cr> 

HJ 

<n 

oi 

Oi 

■p 

10 

13 

rH 

41 

rH 

ih. 

rH 

•H 

c 

p 

q 

4J 

*rH 

Nmt' 

0 

0) 

0} 

0 

O 

M 

0 

r-k 

•H 

cd 

ft) 

M 

9 

4) 

Pt 

• 

• 

Ok 

c: 

C 

4) 

4) 

(/) 

•«. 

(0 

fH 

i8 

cn 

fd 

ff 

'8 

*d 

rH 

U1 

to 

0 

15 

C 

C 

(8 

in 

c 

ItJ 

m 

18 

(8 

4J 

O 

■U 

•U 

E 

p 

CM 

U 

O 

(h 

IH 

QJ 

W 

0 

0) 

B 

Oi 

« 

(0 

H 

p 

0 

»«-♦ 

s 

ac 

327 


3Z8 


Michel  Cabanac 


When  these  precautions  are  observed,  operant  or  instrumental 
behavior  is  a  precise  tool  for  the  experimental  analysis  of 
thermal  motivation. 


MODIFICATIONS  OF  THE  DEEP  BODY 
TEMPERATURE  OF  THE  SUBJECT 


Sometimes  behavior  can  result  in  a  change  of  the  siab- 
ject's  internal  temperature,  without  any  stimulation  of  skin 
thermoreceptors.  This  situation  can  be  natural  in  some  cir¬ 
cumstances;  it  can  also  be  purposely  devised  by  a  (Machie- 
vellian)  e:^erimenter  to  test  the  capacity  of  the  stimulated 
tissue  to  arouse  a  perceived  sensation.  Examples  of  this 
kind  of  behavior  are  of  course  not  numerous:  ingestion, 
muscular  work,  and  operant  behavior. 


Food  and  Water  Intake 

All  endotherms  increase  their  food  intake  during  pro¬ 
longed  cold  exposure.  Inversely  food  intake  decreases 
during  prolonged  heat  exposure.  The  amount  of  food  consumed 
is  proportional  to  the  environmental  cold  iGasnier  and 
Mayer,  1939)  but  exceptions  to  this  rule  may  exist  (Hamil¬ 
ton,  1971) .  In  the  .same  way  subjects  increase  their  water 
intake  in  warm  environments  (Adolph,  1947) .  These  behav¬ 
ioral  adjustments  are  logical  from  the  point  of  view  of 
energy  and  water  balance,  they  may  nevertheless  not  be  thei.’- 
moregulatory. 

In  cold  environments,  endotherms  lose  more  heat  and 
therefore  must  increase  their  metabolism.  In  warm  environ¬ 
ments,  they  lose  more  water  via  evaporative  heat  loss;  they 
therefore  ingest  more  in  order  to  compensate  for  their 
expenditure.  When  a  10  kg  body  ingests  food,  its  body  tem¬ 
perature  can  theoretically  increase  by  1  °C  by  eating  and 
catabolizing  2  g  carbohydrate,  a  frequent  energy  source  in 
the  environment.  The  same  10  kg  homeotherm  is  cible  to  lower 
its  body  temperature  by  the  same  amount  by  drinking  and 
evaporating  14  g  water.  Eating  and  drrnking  is  therefore 
remarkably  efficient  if  the  subject  can  wait  the  time  neces¬ 
sary  tc  produce  autonomic  responses.  Over  the  short  term 
however,  before  metabolism  or  evaporation  takes  place, 
ingestion  is  of  little  utility  in  changing  body  temperature. 
For  exaitple,  if  we  simplify  by  approximating  all  specific 
heats  to  1,  the  10  kg  homeotherm  should,  in  order  to  raise 
its  body  temperature  by  1  °C,  ingest  1/10  of  its  body  mass 
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of  a  food  10  °C  warmer  than  its  own  body.  In  the  case  of  a 
cold  ingestion,  the  tolerated  difference  from  body  tempera¬ 
ture  can  be  as  much  as  40  °C  without  harm;  a  1  °C  drop  of 
body  temperature  would  be  provided  by  at  least  250  g  inges¬ 
tion  of  0  °C  water.  The  efficacy  is  sufficient  and  can  be 
improved  with  the  heat  of  fusion  of  the  ice.  Indeed  emperor 
penguins  ingest  ice  when  they  are  overheated  (Hammel,  1971). 

Controversial  results  have  been  obtained  in  studies  of 
the  relations  between  temperature  and  water  intake  during 
short-term  warm  exposures  (McFarland  and  Budqell,  1970;  Box, 
et  al . ,  j973;  Grace  and  Stevenson,  ]97];  Nelson,  et  ai . , 
]975;  Kechil,  et  ai . ,  1981),  or  brain  heating  (Andersson,  et 
ai.,  1963;  Hamilton  and  Ciaccia,  1971;  Ingram  and  Stephens, 
1979) ,  and  spinal  cord  heating  (Ingram  and  Stephens,  1979) . 
Usually  heating  the  skin  or  the  brain  results  in  water  in¬ 
take.  However,  this  is  mere  likely  to  be  an  anticipatory 
response  to  future  dehydration  than  a  thermoregulatory 
behavior  aimed  at  short-term  cooling  of  the  body.  Indeed 
there  are  some  reasons  to  think  that  increased  water  intake 
in  a  warm  environment  is  mainly  a  response  to  dehydration 
(Carlisle,  1971;  Carlisle  and  Laudenslager,  1976).  In  addi¬ 
tion  cold  water  inhibits  intake  (Fregly,  et  al.,  1979;  Deaux 
and  Engstrom,  1973;  Gold,  et  al.,  1973,  1977).  If  animals 
were  aiming  at  cooling  their  body  core  they  would  drink 
more. 

Therefore  although  the  ambient  temperatures  that  arouse 
thermoregulatory  behaviors  also  trigger  food  and  water  in¬ 
take,  and  although  these  responses  are  favorable  to  heat 
balance,  their  immediate  influence  can  be  considered  negli¬ 
gible.  Food  and  water  intake  snould  not  be  considered  as 
thermoregulatory  behaviors  sensu  stricto,  unless  ingestion 
leads  to  a  change  of  deep  body  temperature  as  with  ice  or 
cold  water  taken  in  large  quantity.  Temperature  may  be  a 
signal  for  satiety  or  for  food  intake  with  the  special  case 
of  hematophageous  parasites  (Hocking,  197],-  Bernard,  1974), 
but  as  a  rule  food  and  water  intake  serves  not  tenperature 
regulation  but  long  term  energy  balance. 

Internal  Heat  Production 

Heat,  a  natural  by-product  of  metabolic  processes  is  gen¬ 
erated  in  large  quantity  within  the  body.  This  heat  is  not 
under  the  control  of  the  subject's  volition.  However  two 
behaviors  result  in  internal  heat  production  and  may  con¬ 
tribute  to  the  general  heat  balance;  muscular  work  and 
exposure  to  microwave  irradiation.  Can  these  sources  of 
heat  be  used  to  pay  heat  deficits  in  cold  environments? 
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will  subjects  behave  to  produce  heat  from  muscular  work  or 
from  microwaves?  In  other  words  are  these  behaviors  thermo¬ 
regulatory?  Experimental  data  are  scarce  in  both  cases. 


Muscular  Work.  Empirical  evidence  tells  that  humans  on 
occasion  choose  to  exercise  in  order  to  warm  themselves. 
This  evidence  was  confirmed  when  si±>jects  placed  in  a  cool 
environment  pedalled  on  a  bicycle  ergometer  with  an  inten¬ 
sity  negatively  proportional  to  their  own  temperature 
(Caputa  and  Cabanac,  1980) .  However  it  is  not  known  whether 
subhuman  species  will  choose  to  exercise  themselves  rather 
than  shiver  in  a  cold  environment. 


Microwave  Exposure.  Rats  exposed  to  microwaves  in  a  cold 
environment  requested  less  infrared  heating  than  controls 
(Stern,  et  al, ,  1979).  Thus  microwaves  affected  behavior  in 
a  specific  manner.  In  the  same  way  when  squirrel  monkeys, 
trained  to  select  for  themselves  a  preferred  ambient  tem¬ 
perature,  were  exposed  to  microwave  heating,  they  chose  to 
reduce  ambient  temperature  significantly  (Adair  and  Adams, 
1980) .  It  is  not  yet  sure  that  animals,  or  uninstructed 
humans,  will  bar  press  or  otherwise  work  to  obtain  microwave 
heating  (See  Chapters  9  and  18) .  Thus  animals  and  humans 
are  able  to  integrate  the  heat  produced  in  their  deep  ther¬ 
mal  core  and  behave  accordingly.  Because  there  is  a  lag, 
due  to  inertia  of  heat  transfer,  between  this  heat  produc¬ 
tion  and  the  stimulation  of  deep  thermal  sensors,  (or  peri¬ 
pheral  sensors  in  the  case  of  microwaves)  it  is  likely  that 
it  takes  some  time  before  a  subject  learns  to  use  endogenous 
heat  (See  Chapter  10)  .  However  both  muscular  work  and 
microwave  exposure  produce  heat  that  is  integrated  in  the 
behavioral  heat  balance  and  should  be  considered  as  thermo¬ 
regulatory  behavior. 


Thermal  Self  Stimulation  of 
Nervous  Centers 

Animals  can  be  trained  to  press  a  lever  that  actuates  an 
electrical  stimulus  delivered  directly  in  their  own  brain. 
This  experiment  has  been  replicated  with  temperature  stim¬ 
uli.  Thus  rats  (Corbit,  1969;  Corbit  and  Emits,  1974) 
self-cooled  their  hypothalamus  when  it  was  heated  experi¬ 
mentally.  This  result  is  difficult  to  replicate  due  to  the 
importance  of  expei'iir'cntal  conditions.  It  is  likely  that 
ambient  temperature  is  important;  there  may  also  be  a  warm 
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but  not  a  cold  "sensation"  from  the  brain  (Baldwin  and 
Inqram,  1967) .  However  it  is  certain  that  animals  placed 
under  optimal  conditions  may  behaviorally  warm  or  cool  their 
CNS  thermoregulatory  centers  (Adair,  1977;  Cormar&che- 
Leydier  and  Cabana.-,  1976;  Dib,  et  al.,  1982).  Should  this 
kind  of  behavior  be  considered  thermoregulatory?  Strictly 
speaking  it  is  the  opposite  of  regulatory  since  the  animal’s 
very  behavior,  in  changing  the  temperature  of  the  center, 
produces  an  open  loop  deviation  of  mean  body  temperature. 
However  the  open  loop  situation  is  an  artifact  created  by 
the  ei^erimenter  and  the  regulation  inherent  in  the  nervous 
system  works  well  with  its  behavioral  response.  Although 
the  net  result  is  opposite  to  a  stable  deep  body  tenpsra- 
ture,  the  response  is  a  regulatory  one  aimed  &r.  preserving  a 
constant  thermodetectors'  tenperature. 


) 


\  CONCLUSION 

\i  A  ^ 

The  list  of  natural  and  artifactual  behaviors  sketched — 
'abov€''”is'"of- "course- -ineoRplete'.^  Its  purpose  is  simply  to 
demonstrate  that  animals  have  developed  and/or  can  learn 
various  behavioral  ways  to  control  heat  exchange  between 
their  own  body  and  the  environment. 

Most  behaviors  tend  to  modify  the  immediate  environment 
of  the  subject  or  of  its  offspring,  modifying  heat  exchange 
thereby.  The  main  result  is  survival  in  good  condition  for 
ectotherms  and,  for  endotherms,  economy  of  their  autonomic 
thermoregulatory  responses.  Food  and  water  intake  should 
not  be  considered  as  thermoregulatory  behavior,  but  the 
search  for  heat  from  muscular  work  or  microwave  exposure  can 
be  considered  thermoregulatory  behavior.  A  thermoregulatory 
behavior  is  therefore  not  only  modification  of  the  micro¬ 
climate,  but  rather  a  propositional  modification  of  external 
and/or  internal  tenperatures.  ' 

Various  thermoregulatory  behavioral  responses  are  used  by 
different  species  according  to  environmental,  ethological, 
or  physiological  constraints,  as  different  solutions  to  the 
same  problem.  Any  thermoregulatory  behavior  could  be  meas¬ 
ured  to  study  temperature  regulation  and  motivation;  any  law 
described  with  one  behavior  would  apply  to  other  responses. 
They  are  all  equivalent  but  two  are  specially  convenient  for 
the  e:q)erimenter ;  temperature  gradients  and  operant  condi¬ 
tioning.  Tables  I  and  II  show  that  these  have  been  widely 
used. 

The  multitude  of  behavioral  responses  shows  that  all  ani¬ 
mals  display  thermoregulatory  behaviors,  thus  underscoring 
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the  importance  of  the  problem  they  face. 
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'  Voluntary  behavioral  action  is  an  organism’s  first 
defense  against  exogenous  thermal  challenge.  Endotherms  and 
ectotherms  alike  use  behavioral  strategies  whenever  possible 
to  counteract  inhospitable  alterations  in  the  exchange  of 
thermal  energy  between  their  bodies  and  the  environment. V 
Ordinarily,  temperature  sensors  in  the  skin  are  activated  ) 
when  environmental  tenperature  changes,  and  information  from 
these  sensors  is  relayed  to  the  central  intejgrator  or  con¬ 
troller,  thereby  providir^^an-  error-'signal  that  initiates  a 
behavioral  thejmore^latory  response .  -As"  demonstrated— in 
-Chapter  17  ,'^‘^esponses  as  diverse  as  the  thermotropisms  of 
unicellular  '^rganiiims  and  the  complex  behavior-plus- 
technology  of  man's  lunar  walk  share  a  common  purpose — that 
^of  providing  a  hospitable  microclimate  so  that  the  internal 
'  body  temperature  may  be  regulated  with  precision  at  a  char¬ 
acteristic  (neutral)  level. -  For  ectothermic  species,  these 
behaviors  represent  most  of  the  thermoregulatory  response 
available  to  the  organism.  For  endothermic  species,  these 
behaviors  ensure  minimal  involvement  of  innate  mechanisms  of 
heat  production  and  heat  loss  during  thermoregulation,  thus 

conserving  the  body's  energy  stores  and  water.  - - — 

Exposure  to  nonionizing  electromagnetic  radiation  at 
microwave  frequencies  (30-30,000  MHz) ,  and  at  power  densi¬ 
ties  well  above  natural  background  levels,  may  provide  an 
unusual  condition  that  the  thermoregulatory  system  (cf. 
Chapter  7)  is  poorly  designed  to  handle.  Frequencies  at  or 
near  whole-body  resonance  for  a  particular  biological  target 
would  provide  a  "worst  case"  wherein  thermalizing  energy 
could  be  deposited  directly  in  deep  body  tissues,  bypassing 
tlie  peripheral  thermodetectors.  Meager  or  delayed  activity 
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in  the  peripneral  sensory  apparatus  could  lead  to  impaired 
appreciation  of  potentially-inhospitable  thermal  conditions 
and  delayed  or  inappropriate  thermoregulatory  behavior. 
Such  conditions  have  been  likened  (cf.  Chapters  11  and  17) 
to  those  that  obtained  in  experiments  by  Corbit  and  his 
collaborators  (1969;  1974)  and  others  (Adair,  1977a  &  b; 
Cormar&che-Leydier  and  Cabanac,  1976;  Dib,  et  al.,  1982) 
that  were  designed  to  probe  thermal  sensations  arising  in 
hypothal.''mic  and  other  thermosensitive  tissue.  It  is  inter¬ 
esting  to  note  that  formidable  difficulties  were  encountered 
by  some  of  these  investigators  as  they  attempted  to  train 
experimental  animals  to  regulate  hypothalamic  temperature 
directly.  These  difficulties  imply  that  even  though  a 
particular  neural  tissue  may  contain  thermodetectors  (i.e., 
be  thermosensitive) ,  tenperature  changes  in  that  tissue  will 
not  necessarily  be  sensed  or  appreciated  directly  by  the 
animal . 

Against  this  background,  what  do  we  know  of  changes  in 
various  thermoregulatory  behaviors  when  a  source  of  nonion¬ 
izing  radiation  is  introduced  into  the  organism's  environ¬ 
ment?  What  we  know  depends  upon  the  specific  question  we 
ask,  or,  more  accurately,  the  specific  thermoregulatory 
behavior  paradigm  we  consider.  Table  I  shows  two  basic 
paradigms,  designated  1  and  2.  In  case  1,  the  animal  is 
engaged  in  some  behavior,  either  an  instinctive  behavior  or 
a  learned  operant  response,  by  which  it  manipulates  conven¬ 
tional  radiant  or  convective  climate-conditioning  sources. 
This  activity  provides  a  thermally-comfortable  environment 
and  allows  the  animal  to  maintain  thermal  balance.  At  some 
point  in  time,  a  microwave  field  intrudes  upon  this  ongoing 
behavior.  Under  the  assumption  that  the  microwave  field  is 
of  sufficient  duration  and  intensity  to  disturb  the  thermal 
balance  of  the  animal,  what  are  the  rules  that  govern  the 
changes  in  the  animal's  behavior? 

In  the  second  case,  the  microwave  field  is  made  available 
to  the  animal  for  its  direct  manipulation,  i.e.,  it  may  be 
utilized  by  the  animal  as  a  heat  source  to  achieve  thermal 
balance.  Either  the  field  exists  as  part  of  the  complex 
thermal  environment  and  the  animal  orients  around  it,  or  the 
animal  learns  to  control  the  field  directly,  i.e.,  turn  it 
on  and  off.  Once  again,  what  are  the  rules  that  govern 
changes  in  the  animal's  behavior?  In  all  cases,  while  col¬ 
lecting  data  to  derive  these  rules,  the  animal  itself  is 
used  as  a  null  instrument;  an  absence  of  change  in  internal 
body  temperature  in  the  presence  of  a  microwave  field  indi¬ 
cates  that  changes  in  the  animal's  behavior  have  maintained 
thermal  homeostasis. 
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TABLE  I.  BEHAVIOR  PARADIGMS 


1.  MICROWAVE  FIELD  INTRUDES  UPON  ONGOING  BEHAVIOR,  DISTUR¬ 
BING  THERMAL  BALANCE. 

A.  Instinctive  escape  and  avoidance  behavior  (Thermo¬ 
regulatory?) 

B.  Learned  operant  control  of  environmental  temperature. 

2.  MICROWAVE  FIELD  UTILIZED  DIRECTLY  AS  HEAT  SOURCE  TO 
ACHIEVE  THERMAL  B.ALANCE. 

A.  Instinctive  approach  behavior  in  thermal  gradiant 
incorporating  microwave  source. 

B.  Learned  operant  control  of  microwave  source. 


It  is  important  to  note  that  under  both  basic  paradigms 
in  Table  I  there  can  be  both  instinctive  and  learned  behav¬ 
iors.  The  instinctive  behaviors  are  in  fact  extremes  on  an 
approach-avoidance  continuum.  If  the  environment  is  cold 
cind  the  microwave  source  is  strategically  located,  an  exper¬ 
imental  animal  may  well  bask  in  the  radiation,  u.  the  other 
hand,  escape  from  and  avoideince  of  a  microwave  field,  par¬ 
ticularly  a  field  of  high  intensity,  are  also  instinctive 
behaviors,  as  discussed  in  Chapter  10.  While  the  basis  for 
such  escape  responses  may  be  a  desire  to  maintain  thermal 
homeostasis,  specific  thermoregulatory  responses  (e.g. , 
sweating,  panting,  saliva  spreading,  or  even  body  tempera¬ 
tures)  have  not  as  a  rule  been  monitored  during  experimental 
investigations  of  escape  behavior.  Thus,  it  is  difficult  to 
classify  these  behaviors  as  thermoregulatory  in  the  tradi¬ 
tional  sense.  With  the  exception  of  one  recent  pilot  study 
(see  below) ,  investigations  of  instinctive  escape  behaviors 
will  not  be  discussed  further  in  the  present  chapter. 
However,  those  who  undertake  study  of  such  behavior  in  the 
future  are  urged  to  make  every  effort  to  assess  the  total 
thermal  environment  iitpinging  upon  the  animal  and  the  ther¬ 
moregulatory  consequences  of  the  response  xinder  scrutiny. 
Only  with  such  data  in  hand  will  it  be  possible  to  quantify 
the  thermal  basis  for  escape  and  avoidance  responses,  or 
lack  of  same  as  the  case  may  be. 

The  first  paradigm  in  Table  I  is  the  one  about  which  we 
know  the  most;  i.e.,  the  animal  learns  to  control  conven¬ 
tional  sources  of  thermal  energy  to  provide  an  acceptable 
microclimate  for  itself,  and  then  is  exposed  to  a  microwave 
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source.  The  animal's  behavior  will  change  in  predictable 
ways  that  are  directly  related  to  the  intensity  and  duration 
of  the  microwave  exposure. 

Stern  and  his  colleagues  (1979)  were  among  the  first  to 
probe  some  of  these  fundamental  relationships.  They  trained 
shaved  rats  in  a  5  °C  environment  to  press  a  lever  for  2-sec 
bursts  of  heat  from  an  infrared  lamp.  The  animal  worked 
inside  a  Styrofoam  coi.^/artment  that  was  located  under  a  horn 
antenna  inside  an  electrically  anechoic  chamber.  After 
behavioral  training,  each  rat  was  exposed  for  15-inin  periods 
to  2450  MHz  (12.3  cm  wavelength)  continuous-wave  (CW)  micro- 
waves  at  power  densities  of  5,  10,  and  20  mW/cm^.  Both 
ascerling  and  descending  power  density  series  were  pre¬ 
sented,  with  individual  microwave  exposures  separated  by  a 
15-min.  control  period  with  no  microwaves  present. 

Stern,  et  ai .  found  that  the  presence  of  the  microwave 
field  stimulated  the  rats  to  work  for  less  infrared  heat, 
even  at  the  lowest  power  density.  A  reliable  reduction  in 
bar  pressing  rate  appeared  quickly  whenever  the  microwaves 
were  turned  on,  reversed  when  the  microwaves  were  extin¬ 
guished.  Further,  the  higher  the  power  density,  the  less 
infrared  heat  was  demanded  by  the  rats.  A  summary  of  the 
results  of  this  experiment  appears  in  Figure  1,  which  shows 
for  all  animals  the  ratio  of  bar  presses  for  infrared 
heating  during  microwave  exposure  to  the  bar  presses  in  the 
control  period  immediately  preceding  that  microwave  expo¬ 
sure.  This  metric,  designated  the  "infrared-selection 
ratio",  varies  in  linear  fashion  with  power  density.  In 
other  words,  as  more  thermalizing  energy  is  supplied  by  the 
microwave  field,  less  infrared  heat  is  required  for  thermal 
comfort  in  a  cold  environment.  Although  Stern  did  not 
monitor  the  rats '  body  temperatures  during  his  experiments , 
he  assumed  from  a  few  spot  checks  of  rectal  temperature  that 
the  animals  were  achieving  thermal  balance  by  appropriate 
adjustments  in  thermoregulatory  behavior.  Use  of  only  three 
power  densities  did  not  permit  Stern  to  determine  a  precise 
threshold  for  a  change  in  thermoregulatory  behavior;  how¬ 
ever,  the  results  showed  that  a  rate  of  energy  deposition 
(SAR)  equivalent  to  15  to  20%  of  the  resting  heat  production 
of  the  rat  interrupted  ongoing  thermoregulatory  behavior 
reliably. 

A  somewhat  different  approach  to  the  study  of  similar 
problems  has  been  taken  in  the  author's  laboratory.  In  the 
belief  t'.at  the  environmental  temperature  selected  by  the 
animal  and  the  skin  and  deep  body  temperatures  achieved 
thereby  are  vital  supporting  data  to  any  study  of  thermo¬ 
regulatory  behavior,  we  designed  experiments  to  measure 
these  variables.  The  subjects  were  adult  male  squirrel 
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Figure  1.  Mean  reduction  in  operant  responding  for 
infrared  heat  exhibited  by  6  rats  exposed  for  15-min  periods 
to  2450  MHz  CW  microwaves  relative  to  a  15-min  control  (no 
microwaves)  period  immediately  preceding  that  exposure. 
Data  (±  1  SE)  are  plotted  as  a  function  of  microwave  power 
density  (mW/cm^)  and  specific  absorption  rate  (W/kg) .  T  = 
ambient  temperature  (°C) .  Data  adapted  from  Stern,  et  al. 
(1979)  . 


monkeys,  each  highly  trained  to  regulate  the  temperature  of 
the  environment  behavioraliy.  During  the  ej^eriments  an 
animal  was  chair-restrained  in  the  far  field  of  a  horn 
antenna  inside  an  anechoic  chamber.  The  space  occupied  by 
the  monkey  was  heated  and  cooled  by  forced  convection;  the 
animal  controlled  the  temperature  of  the  circulating  air  by 
pulling  a  response  cord  to  select  between  two  preset  air 
temperatures,  one  cold  (10-15  °C)  and  one  hot  (50-55  °C) . 
Usually,  the  monkey  was  exposed  to  air  at  one  of  these 
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Figure  2.  Mean  (±  1  SE)  ambient  temperature  (°C) 
selected  by  two  squirrel  monkeys,  during  5  sessions  each,  as 
a  function  of  the  power  flux  density  (mW/cm^)  of  10-min 
microwave  exposure  (Panel  A)  or  infrared  exposure  (Panel  B) 
compared  with  comparable  time  period  in  control  (no  micro- 
wave)  experiments.  Monkeys  selected  between  15  and  55  °C 
air  sources  to  achieve  preferred  ambient  temperature.  A 
significantly  cooler  environment  was  selected  when  microwave 
power  density  exceeded  6  mW/cm^. 
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temperatures  and  worked  for  15-s.  reinforcements  of  the 
other.  Well-trained  animals  respond  at  a  rate  that  produces 
a  preferred  average  air  temperature  of  35-36  °C.  During  all 
experiments,  rectal  tenperature  and  four  representative  skin 
temperatures  (c±idomen,  tail,  leg,  and  foot)  were  measured 
continuously  using  fine  copper-constantan  thermocouples  that 
were  carefully  shielded  from  the  microwave  field.  (Tech¬ 
nical  details  of  the  exposure  arrangement,  dosimetry,  and 
response  measures  are  given  in  Adair  and  Adams,  1980) . 

Our  initial  experiments  determined  the  microwave  power 
density  that  would  reliably  alter  the  thermoregulatory 
behavior  described  above.  Monkeys  were  exposed  for  10-min 
periods  to  2450  MHz  CW  microwaves  at  discrete  power  den¬ 
sities  that  ranged  from  1  to  10  mW/cm^ .  Individual  expo¬ 
sures  were  separated  by  like  periods  with  microwaves  absent. 
In  a  second  series  of  experiments,  the  same  animals  were 
exposed  to  10-min  periods  of  infrared  radiation  (produced  by 
two  T-3  quartz  lamps)  at  comparable  power  densities.  A 
third  series  of  experiments  (control)  assessed  the  temporal 
variations  of  normal  thermoregulatory  behavior  in  the 
absence  of  microwave  or  infrared  radiation. 

Figure  2  shows  the  average  environmental  temperature 
selected  by  two  monkeys  (five  sessions  each)  as  a  function 
of  the  power  density  of  microwaves  (panel  A)  or  infrared 
radiation  (panel  B)  to  which  they  were  exposed.  In  each 
case,  the  data  are  evaluated  against  comparable  time  periods 
in  control  experiments  in  which  no  radiation  was  present. 
Microwave  power  densities  above  6  mW/cm^  reliably  stimulated 
the  animals  to  select  a  cooler  environment,  whereas  compar¬ 
able  intensities  of  infiared  radiation  had  no  such  effect. 
Thus,  the  behavioral  change  resulted  primarily  from  acti¬ 
vation  of  thermodetectors  located  deep  in  the  body  rather 
than  in  the  skin.  Under  these  conditions,  microwave  irradi¬ 
ation  at  a  power  density  of  6  to  8  mW/cm^  may  be  considered 
a  threshold  intensity  for  the  alteration  of  normal  thermo¬ 
regulatory  behavior.  The  rate  of  energy  absorption  at  this 
intensity  is  about  1.1  W/kg  and  represents  20%  of  the 
resting  metabolic  rate  of  the  squirrel  monkey.  This  SAR  is 
similar  to  that  found  by  Stern,  et  ai.  (1979)  for  the  rat. 

How  well  do  the  animals  succeed  in  regulating  their 
internal  body  temperature  when  they  cool  down  their  environ¬ 
ment  in  the  presence  of  a  microwave  field?  They  succeed 
admirably  as  shown  in  Figure  3.  The  figure  shows  the  rectal 
temperature  (T^  )  ,  weighted  mean  skin  temperature  ,  and 
ambient  temper^ure  (T  )  selected  by  one  monkey  as  a  func¬ 
tion  of  experimental  time.  The  points  represent  means  cal¬ 
culated  across  five  experiments  in  which  the  animal 
underwent  10-minute  microwave  exposures  at  increasing  power 
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densities  (8,  10,  12,  15,  18,  and  22  mW/cm^)  .  There  is  no 
evidence  of  significant  changes  in  either  skin  or  deep  body 
temperatures  during  the  exposures,  even  at  a  power  density 
of  22  nW/cm^.  By  lowering  the  air  temperatmre  behaviorally, 
by  an  amount  linearly  related  to  microwave  intensity,  the 
animal  regulated  its  body  temperatures  accurately  at  the 
normal  levels.  These  results  confirm  and  extend  those  ob¬ 
tained  for  the  rat  by  Stern,  et  al~  (1979). 

These  findings  are  illustrated  even  more  clearly  in 
Figure  4  where  data  from  two  series  of  experiments  are  com¬ 
bined.  The  figure  shows  the  environmental  temperature 
selected  by  one  monkey  when  no  microwaves  were  present  (con¬ 
trol)  and  in  the  presence  of  2450  MHz  microwaves  at  pov;er 
densities  ranging  from  1  to  22  mW/cm^.  At  the  "threshold" 
power  density  of  6-8  mW/cm^,  the  animal  selected  a  signif¬ 
icantly  cooler  environment  than  during  control  experiments. 
It  seems  reasonable  to  assxune  that  these  animals  could  deal 
with  irradiation  at  power  densities  substantially  in  excess 
of  those  studied  here,  without  a  significant  increase  in 
body  temperature,  provided  sufficient  environmental  cooling 
was  available  to  them.  To  date,  the  upper  limit  of  behav¬ 
ioral  thermoregulatory  capability  under  microwave  exposure 
has  not  been  determined  experimentally  for  any  species. 

The  findings  described  above  pertain  to  10-  to  15-min. 
microwave  exposures  but  shed  no  light  on  behavioral  adjust¬ 
ments  during  longer  exposure  durations.  Will  a 
behaviorally-selected  cooler  environment  persist  unchanged 
j  throughout  a  long  microwave  exposure,  or  is  the  behavioral 

adjustment  only  transitory,  exhibiting  modification  over 
time?  The  answer  to  this  question,  illustrated  in  Figure  5, 
is  that  an  experimental  animal  will  continue  to  select  a 
cooler  environment,  appropriate  to  the  power  density  im¬ 
posed,  so  long  as  the  microwave  field  is  present  (Adair  and 
Adams,  in  press).  The  figure  shows  results  of  experiments 
in  which  microwaves  at  a  power  density  of  20  mW/cm^  (SAR  =  3 
W/kg)  were  presented  for  2i  hours.  The  squirrel  monkey's 
initial  response  was  to  lower  the  environmental  temperature 
by  3  °C  and  keep  it  lowered  for  the  duration  of  the  expo¬ 
sure.  Once  again,  the  skin  and  deep  body  temperatures  were 
regulated  precisely  at  the  normal  level  throughout  the  expo¬ 
sure.  A  clear  tradeoff  has  thus  been  delineated  in  this 
e:q)eriment:  a  3  °C  reduction  in  air  temperature  is  equiva¬ 
lent  to  a  specific  absorption  rate  of  3  W/kg  (60%  of  the 
resting  metabolic  heat  production  of  the  animal  under 
study) .  Presumably,  similar  tradeoffs  will  obtain  for  other 
species,  including  man  (cf.  Pound,  1980,  and  also  Chapter  2 
of  this  volume) . 

To  svunmarize,  we  know  a  great  deal  about  what  an  animal 
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and  rectal  (  ’••A***  )  temperatures  are  also  shown. 
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will  do  when  a  low  intensity  microwave  field  intrudes  upon 
ongoing  thermoregulatory  behavior.  If  the  field  strength 
equals  or  surpasses  a  threshold  level,  the  organism  will 
select  a  cooler  environment  than  noxrmally  preferred.  The 
reduction  in  preferred  environmental  temperature  is  a  linear 
function  of  field  strength,  at  least  for  moderate  levels, 
and  ensures  that  the  internal  body  tenperature  will  be  regu¬ 
lated  at  the  norr  level.  Finally,  this  altered  behavior 
appears  to  persist  unchanged  so  long  as  the  field  is  pre¬ 
sent. 

Let  us  turn  now  to  the  second  behavioral  paradigm  (cf. 
Table  I) ,  the  one  involving  the  direct  utilization  or  manip¬ 
ulation  of  a  microwave  source  in  order  to  achieve  thermal 
balance.  A  story  has  been  told  {Bern  and  Trzaska,  1976)  of  a 
pair  of  sparrows  that  nested  and  raised  their  young  at  the 
feedpoint  of  a  powerful  transmitting  antenna  in  the  Polish 
city  of  Constantinov.  For  safety,  the  Polish  Broadcasting 
Company  had  relocated  all  families  residing  within  a  10  km 
radius  of  the  antenna  tower  and  yet  the  sparrows  prospered 
in  the  center  of  this  two-megawatt  source.  The  heat  pro¬ 
vided  by  the  field  must  have  been,  as  Professor  Schwan 
observed,"  .  .  .  just  enough  to  keep  a  tiny  bird  warm  on  a 
cold  day"  (D.  R.  Justesen,  personal  '^’unication) . 

The  first  study  designed  to  quantify  this  kind  of 
instinctive  thermoregulatojry  behavior  was  undertaken  Ly 
D' Andrea  and  his  associates  at  the  University  of  Utah 
(D'Andrea,  et  al . ,  1978).  Their  subjects,  6  whiptail 
lizards  {Cnemidophorus  tigris)  from  the  Lake  Powell  desert, 
were  first  housed  on  sand  in  a  glass  terrarium  and  observed 
for  one  week.  Every  day  from  7  AM  to  9  PM,  an  infrared  heat 
lamp  was  turned  on  over  one  comer  of  the  terrarium.  Five 
times  a  day,  for  >s-hour  periods,  the  lizards'  activity  was 
recorded  and  then  the  cloacal  temperature  of  each  was 
measured.  The  following  week,  the  lizards  moved  to  new 
housing,  a  Styrofoam  and  Plexiglas  terrarium  inside  an 
anechoic  chamber  in  full  view  of  an  antenna  radiating  2450 
MHz  CW  microwaves.  The  orientation  of  the  terrarium  was 
such  that  an  effective  "microwave  gradient"  was  created 
inside,  the  field  strength  varying  from  ''^90  mW/cm^  in  the 
corner  nearest  the  antenna  to  '^2  mW/cm^  in  the  opposite 
corner.  Again  the  lizards'  activity  was  observed  five  times 
a  day,  over  a  closed-circuit  TV  monitor,  and  the  cloacal 
temperature  was  measured  at  the  end  of  each  observation 
period,  as  before. 

A  siammary  of  D' Andrea's  results  appears  in  Figure  6, 
which  shows  the  percentage  of  each  half-hour  observation 
period  the  lizards  spent  basking  (or  inactive) ,  and  the  mean 
cloacal  temperature  achieved.  Since  the  average  ambient 
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Figure  6.  Mean  percentage  of  six  30-inin  observation 
periods  that  6  whiptail  lizards  spent  inactive  in  the  pres¬ 
ence  of  infrared  radiation  ( - Q - )  or  2450  MHz  CM  micro¬ 

waves  (  — )  and  the  mean  cloacal  temperature  (°C) 
achieved  thereby.  Data  adapted  from  D' Andrea,  et  al . 
(1978) . 


37E 


Eleanor  R.  Adair 


teit5)erature  was  23  °C,  this  was  the  initial  body  temperature 
of  these  ectotherms  each  morning  before  the  radiation 
(either  infrared  or  microwaves)  was  turned  on.  It  is  clear 
that  the  lizards  utilized  the  environmental  energy  source 
efficiently  in  both  cases,  quickly  raising  their  internal 
temperatirres  close  to  that  normally  preferred  (i.e.,  mea¬ 
sured  in  the  natural  habitat)  and  keeping  it  there  through¬ 
out  the  day.  In  the  microwave  gradient,  the  lizards  moved 
gradually  toward  the  microwave  source  so  that  at  the  end  of 
each  day  they  were  piled  up  in  the  90  mW/cm^  corner  of  the 
terrarium.  While  this  behavior  conplicated  dosimetric 
measurements,  it  illustrated  clearly  that  these  animals  were 
able  to  sense  eind  utilize  the  microwave  field  nearly  as 
efficiently  as  the  source  of  infrared  radiation  to  regulate 
their  body  temperatures  behavioral ly. 

Corroborative  evidence  from  a  similar  experiment  on  a 
mammal,  is  reported  by  Justesen  in  this  volvime  (Chapter  1C, 
data  of  Riffle)  .  Four  Long-Evans  rats,  with  a  history  of 
cavity  exposure  to  an  intense  2450  MHz  field,  learned  to 
escape  the  radiation  by  moving  to  a  "safe"  region  within  the 
esqjosure  cavity.  The  reinforcement  (extinction  of  the 
microwave  field)  was  cued  by  a  2900  Hz  tone  for  two  of  the 
animals,  uncued  for  the  other  two.  Dose  rates  of  30,  60, 
and  120  mW/g  were  investigated.  Four  daily  10-min  sessions 
at  a  given  dose  rate  were  preceded  by  one  baseline  session 
and  followed  by  one  extinction  session  in  which  no  radiation 
was  present;  this  constituted  one  set.  Four  such  sets  of 
sessions  were  conducted  in  the  following  order:  60,  30, 
120,  and  60  mW/g.  Set  one  is  regarded  by  the  author  of 
Chapter  10  as  a  "tutorial"  for  the  rats  and  is  so  treated 
here . 

The  mean  data  from  the  final  3  sets  of  sessions  are  s\im- 
marizfcd  in  Figure  7  as  a  function  of  microwave  dose  rate. 
Both  the  percentage  of  time  the  animals  spent  in  the  safe 
(non-irradiated)  area  and  the  postsession  rectal  temperature 
achieved  support  the  conclusion  that  the  rats  were  behaving 
in  a  purposeful  manner  relative  tc  the  thermalization  pro¬ 
duced  by  the  field.  As  the  dose  rate  increased,  so  did  the 
time  they  spent  in  the  safe  area.  Further,  the  postsession 
colonic  temperature  was  remarkably  stable,  the  variability 
(cf.  Chapter  10,  Table  Ii)  suggesting  no  significant  alter¬ 
ation  from  thermoneutrality  as  a  function  of  dose  rate. 
Even  though  the  experiment  is  characterized  by  Justesen  in 
Chapter  10  as  a  pilot  study,  the  results  indicate  a)  that 
instinctive  escape  behaviors  in  the  presence  of  an  intense 
microwave  field  are  indeed  thermoregulatory  in  nature  and  b) 
that  experience  and/or  training  aids  the  appreciation  of  the 
potential  lethality  of  such  fields. 
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Figure  7.  Mean  percentage  of  time  during  four  10-min 
sessions  spent  by  four  "educated"  rats  (see  text)  in  a 
demarcated  safe  area  of  a  2450  MHz  multipath  cavity  as  a 
function  of  the  available  dose  rate  (mW/g) .  The  mean  rectal 
temperature  ('’C)  recorded  immediately  post-session  is  also 
shown.  Unpublished  data  of  Riffle  as  described  by  Justesen 
in  Chapter  10. 


The  results  described  above  have  been  confirmed  in  a 
similar  study  by  Bruce-Wolfe  who  successfully  trair.ed  three 
squirrel  monkeys  to  operate  a  source  of  2450  MHz  CW  micro- 
v'aves  (Bruce-Wolfe  and  Adair,  1981)  .  These  experiments 
were  conducted  in  the  anechoic  test  chamber  described  by 
Adair  and  Adams  (1980) .  Individual  animals  were  restrained 
in  a  chair  inside  an  air-conditioned  Styrofoam  box  that  was 
located  in  the  far  .field  of  the  horn  antenna.  Initially, 
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each  monkey  was  trained  to  select  appropriate  amounts  of 
circulating  hot  (50  °C)  -and  cold  (10  °C)  air  to  provide  an 
acceptable  thermal  environment  inside  the  box.  Whenever  the 
animal  pulled  the  response  cord,  the  incoming  air  tempera¬ 
ture  changed:  if  it  had  been  cold,  it  became  hot  or  vice 
versa.  A  visual  cue  that  was  correlated  with  air  source 
temperature  (450  nm  "blue"  accompanying  10  °C  air,  600  nm 
"red"  accompanying  50  air)  was  provided  for  one  of  the 
animals.  Rectal  temperature,  four  representative  skin  tem¬ 
peratures,  and  the  air  temperature  selected  by  the  animal 
were  monitored  continuously  during  2  hour  experimental 
sessions. 

After  the  monkeys  were  well  trained,  2450  MHz  CW  micro- 
waves  acconpanied  by  thermoneutral  (30  °C)  air  replaced  the 
50  °C  air,  but  all  other  experimental  conditions  remained 
the  same.  In  other  words,  the  monkeys  now  had  a  choice  be¬ 
tween  cold  air  and  microwaves  instead  of  between  cold  air 
and  hot  air.  Three  2-hour  experimental  sessions  were  con¬ 
ducted  on  each  animal  at  each  of  three  microwave  power  den¬ 
sities,  20,  25,  and  30  mW/cm^  (SAR  =  0.15  iW/kg] /  [mW/cra^ ] )  . 

A  summary  of  the  major  results  of  this  study  appears  in 
Figure  8.  For  the  three  microwave  power  densities,  together 
with  the  50  °C  air  available  during  training  sessions,  the 
figure  shows  (for  the  final  30  minutes  of  all  experiments) 
the  mean  percentage  of  time  the  animals  selected  the  source 
of  heating.  The  ambient  temperature  produced  by  this  behav¬ 
ior  and  relevant  measurements  of  the  body  temperature  are 
also  shown.  The  most  striking  finding  is  that  the  animals 
somehow  discerned  the  endogenous  consequences  of  the  avail¬ 
able  sources  of  thermalizing  energy  and  altered  their 
behavioral  strategies  accordingly.  Normal  thermoregulatory 
behavior  in  this  apparatus  results  in  a  70%  selection  of 
50  °C  air  over  10  °C  air.  When  microwaves  at  20  mW/cm^ 
replaced  the  hot  air,  this  percentage  shifted  to  a  90% 
selection  of  the  heat  source.  As  a  consequence  of  this 
behavioral  change,  mean  ambient  temperature  fell  to  the 
level  (30  °C)  of  the  circulating  air  that  accompanied  the 
microwave  field  (a  necessary  control  for  air  movement)  but 
relatively  minor  reductions  in  skin  temperature  occurred. 
At  the  highest  power  density  (30  mW/cm^) ,  the  monkeys  turned 
on  the  microwaves  significantly  less  often  than  at  the  two 
lower  power  densities,  demonstrating  a  remarkable  sensi¬ 
tivity  to  the  strength  of  the  field.  It  is  clear  that  these 
behavioral  adjustments  were  not  only  purposive  and  appro¬ 
priate  but  also  efficient,  since  they  always  produced  pre¬ 
cise  regulation  of  the  internal  body  temperature  at  the 
physiologically  neutral  level.  Whether  or  not  such  precise 
thermoregulatory  behavior  would  be  exhibited  by  a  naive  (un- 
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Figure  8.  Mean  percentage  of  time  (during  final  30  min 
of  three  2-hr  e^erimental  sessions)  2450  MHz  CW  microwaves 
were  chosen  over  10  °C  air  by  3  squirrel  monkeys  as  a  func¬ 
tion  of  the  microwave  power  density  available  (iriW/cm^)  ,  and 
the  ambient  and  body  temperatures  achieved  thereby.  Com¬ 
parable  measures  from  3  training  sessions  (i.n  which  50  °C 
air  was  chosen  over  10  °C  air)  ere  also  shown.  Error  bars 
represent  ±  1  SE.  Unpublished  data  of  Bruce-Wolfe. 
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trained)  animal,  or  whether  it  would  be  exhibited  in  a  cool 
surround  of  invariant  temperature,  is  not  addressed  by  this 
study.  These  are  among  the  many  questions  yet  to  be 
answered. 

The  literature  dealing  with  changes  in  thermoregulatory 
behavior  in  the  presence  of  microwave  fields  has  been  re¬ 
viewed  in  this  paper.  Most  of  the  studies  cited  are  prelim¬ 
inary  in  nature  and  much  work  remains  to  be  done.  So  far, 
we  have  learned  that  in  most  situations,  especially  with 
subjects  trained  to  mcuiipulate  environmental  thermal 
stimuli,  microwave  e:q)osure  at  moderate  intensities  will  be 
conpcnsated  by  aporopriate  behavioral  adjustments  so  that  no 
significant  chcinge  occurs  in  the  regulated  internal  body 
tenperature .  Furthermore,  while  we  know  that  irradiation  at 
a  minimal  power  density  must  be  exceeded  before  overt 
cheinges  in  thermoregulatory  behavior  can  be  measured,  we 
have  no  inkling  of  the  maximal  powor  density  that  can  be 
dealt  with  effectively.  Surely  the  behavioral  response  to 
intense  microwave  fields  will  be  governed  in  large  measure 
by  the  prevailing  ru.'bient  teitperature . 

On  another  note,  what  is  the  import  of  frequencies  other 
than  the  2450  MHz  utilized  in  all  studies  reported  to  date? 
Recent  evidence  (Lotz,  1982;  Krupp,  Chapter  5)  indicates 
that  exposure  _o  frequencies  near  whole-body  resonance  may 
pose  special  problems  for  a  behaving  animal  because  of 
greatly  enhanced  rates  of  energy  absorption  that  may  over¬ 
whelm  the  thermoregulatory  system. 

There  are  other  critical  questions.  For  example,  how  may 
efficient  thermoregulatory  behavior  be  compromised  by  alter¬ 
ations  in  the  thermoregulatory  set  point  such  as  may  occur 
during  febrile  states  or  under  the  action  of  certain  drugs? 
Also,  what  niight  be  the  import  of  defective  neurophysio¬ 
logical  control  of  the  thermoregulatory  effector  system  as 
would  be  produced  by  lesions  in  certain  CNS  thermosensitive 
sites  (e.g.,  anterior  hypothalamus,  medulla).  Such  sites 
are  surely  heated,  to  a  greater  or  lesser  extend  (Kritikos 
and  Schwan,  1979;  Burr  and  Krupp,  1980)  during  microwave 
exposure.  Answers  to  these  and  other  questions  will  begin 
to  provide  insight  into  the  basic  mechanisms  that  underlie 
detection  of  a  source  of  radiofrequency  electromagnetic 
energy  and  translate  that  detection  into  effective  behav¬ 
ioral  action,  whether  the  source  upsets  the  organism's 
thermal  balance  or  is  utilized  by  the  organism  to  achieve 
it. 
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THE  THERMAL  BASIS  FOR  DISRUPTION  OF  OPERANT 
BEHAVIOR  BY  MICROWAVES  IN  THREE  ANIMAL  SPECIES 


John  0.  de  Lorge 

Naval  Aerospace  Medical  Research  Laboratory 
Pensacola,  Florida 


INTRODUCTION 


Several  years  ago  research  on  the  behavioral  effects  of 
microwave  exposure  was  initiated  in  our  laboratory.  The 
original  work  (de  Lorge,  1976)  used  rhesus  monkeys  because 
their  thermoregulatory  responses  are  similar  to  man's 
(Kenshalo  and  Hall,  1974;  Smiles,  et  al.  1976)  and  because 
few  investigators  in  this  research  area  had  studied  the 
responses  of  primates.  The  overriding  interest  in  using 
primates  was  caused  by  attenpts  to  generalize  data  derived 
from  animal  research  to  man.  As  our  research  effort  con¬ 
tinued  it  became  obvious  that  a>iiraals  of  different  sizes 
exposed  to  different  microwave  frequencies  would  need  to  be 
examined  if  generalizations  regarding  larger  animals  were  to 
be  drawn.  This  realization  resulted  in  selecting  rats  and 
squirrel  monkeys  and  three  different  microwave  frequencies, 
all  above  the  resonant  frequency  for  these  animals.  The 
microwave  frequencies,  1.3,  2.45  and  5.7  GHz,  were  chosen 
primarily  because  of  availcibil-ity  and  secondarily  because 
they  represented  frequencies  in  use  by  the  Navy. 

Another  key  aspect  of  the  program  has  been  to  choose  a 
behavioral  task  on  which  all  three  species  could  be  trained 
and  that  would  generalize  to  human  behavior  without  serious 
qualifications.  An  observing  response  task  was  chosen 
wherein  an  animal  engages  in  operant  behavior  and  obtains 
positive  reinforcement  (Holland,  1957) .  The  task  is  similar 
to  vigilance  behavior  and  requires  the  sustained  attention 
of  the  animal.  For  various  reasons  some  of  this  work  has 
utilized  data  from  animals  on  other  operant  tasks  (Sanza  and 
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de  Lorge,  1977;  Nelson,  1978),  but  the  primary  data  have 
been  taken  from  a  series  of  experiments  measuring  observing- 
response  performance  (de  Lorge,  1976;  1980;  de  Lorge  and 

Ezell,  1980). 

The  behavioral  literature  reveals  no  unique  behavior 
associated  with  microwaves  other  than  the  auditory  phenome¬ 
non  (Frey  and  Messenger,  1973).  Thus,  the  present  approach 
has  attempted  to  examine  changes  in  operant  behavior  as  a 
consequence  of  exposure  to  microwaves.  Disruption  of  on¬ 
going  behavior  is  the  effect  on  which  this  study  was  focused 
because  it  is  the  effect  most  commonly  reported  in  the  lit¬ 
erature  (Justesen  and  King,  1970).  Disruption  of  stable 
performcince  baselines  typically  is  seen  as  a  decreased  rate 
of  responding,  although  an  increase  in  response  rate  has 
also  been  observed  as  a  consequence  of  microwave  irradiation 
(de  Lorge,  1979).  The  present  studies  were  not  designed  to 
evaluate  ein  animal's  detection  of  the  microwaves  nor  were 
reinforcement  contingencies  associated  with  the  presence  of 
microwaves.  Instead,  the  studies  were  designed  to  establish 
the  lowest  power  density  of  microwaves  that  would  disrupt 
ongoing  behavior.  On  the  observing-response  task  reinforce¬ 
ment  was  scheduled  so  that  response-rate-changes  normally 
did  not  increase  or  decrease  its  frequency;  that  is,  either 
random  interval  or  variable  interval  schedules  of  reinforce¬ 
ment  were  used  (Catania,  1968) .  I 

The  approach  is  one  of  seeing  how  well  an  operant 
response  cam  be  maintained  when  the  animal  is  confronted 
with  a  biophysical  agent  as  pervasive  as  microwaves.  This 
approach  demonstrated  that  a  well-controlled  operamt 
response  was  unassailable  or  immune  to  microwave  disruption 
as  long  as  the  animal's  body  tenperature  did  not  rise  at 
least  1  ®C  above  its  baseline  level. 


METHOD 


Subjects 

The  subjects  were  rats  either  of  the  Long  Evans  strain 
(de  Lorge  and  Ezell,  1980),  or  the  Sprague-Dawley  strain 
(Sanza  and  de  Lorge,  1977)  obtained  from  the  Charles  River 
Colonies;  squirrel  monkeys,  Saimiri  sciureus ,  obtained  from 
Colombia,  South  America;  and  rhesus  monkeys,  Macaca  mulatta, 
produced  in  our  own  breeding  colony.  All  of  the  subjects 
were  males .  The  average  body  masses  of  the  animals  were 
300-400g  for  rats,  700g  for  squirrel  monkeys  and  4. 7-5.1  kg 
for  the  rhesus. 
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All  of  the  subjects  were  trained  while  food  deprived  and 
maintained  at  approximately  85  to  95%  of  their  free-feeding 
body  mass.  In  the  long  duration  studies  with  the  rhesus  the 
animals  were  periodically  placed  on  free-feeding  schedules 
for  several  weeks  to  establish  new  100%  free-feeding  values. 


Apparatus 

The  microwave  e^^Josures  typically  occurred  in  chambers 
anechoic  to  the  microwave  energy.  The  chambers  differed 
only  in  basic  dimensions  that  depended  upon  the  direction 
and  frequency  of  the  irradiation.  A  schematic  of  a  chamber 
instrumented  for  a  rat  ejqperiment  is  illustrated  in  Figure 
1.  The  chambers  have  been  previously  described  in  detail  in 
the  v’arious  ejcperiments  providing  material  for  the  present 
report  (de  Lorge,  1976;  Sanza  and  de  Lorge,  1977;  de  Lorge 
and  Ezell,  1980).  In  brief,  each  chamber  was  constructed  of 
copper  faced  wood  and  lined  with  microwave  radiation 
absorber.  The  chambers  were  cooled  with  aii  conditioners 
and  ventilation  fans  and  each  was  equipped  with  a  closed 
circuit  television  camera  and  a  white-noise  auditory  masking 
source  of  approximately  75  dB  SPL.  Equipment  for  presenting 
either  visual  or  auditory  stimuli  was  located  in  the  cham¬ 
bers  along  with  transducers  for  recording  ambient  relative 
humidity  and  tenperature. 

Various  military  and  commercial  radar  sets  were  used  to 
generate  the  microwaves  at  three  different  frequencies: 
1.3,  2.45  and  5.7  GHz.  The  frequency  of  5.7  GHz  is  an  aver¬ 
age  value  based  upon  the  5.62  GHz  microwaves  used  for  irra¬ 
diating  the  rats  and  squirrel  monkeys  and  the  5.8  GHz  micro- 
waves  used  in  the  rhesus  monkey  experiment.  Incident  power 
density  and  its  distribution  in  the  chamber  were  determined 
in  each  experiment  in  the  absence  of  the  si±>ject,  and  the 
value  measured  at  the  location  of  the  center  of  an  animal's 
head  was  the  value  referred  to  as  the  power  density  to  which 
the  animal  was  exposed. 

All  of  the  experiments  used  Styrofoam  restraint  devices 
in  the  form  of  either  a  chair  (Reno  and  de  Lorge,  1977)  or 
an  operant  conditioning  box  (Sanza  and  de  Lorge,  1977) . 
Manipulanda  and  food  apertures  were  placed  in  one  wall  of 
these  devices.  The  primate  chairs  allowed  continuous  moni¬ 
toring  of  the  colonic  temperatures  of  the  monkeys.  Refer¬ 
ence  air  temperature  probes,  external  to  the  animals,  were 
located  near  the  colonic  probes. 

Colonic  tenperatures  were  not  obtained  from  the  rats  used 
in  these  experiments  but  from  >tnimals  of  the  same  size  and 
strain  that  had  been  previously  exposed  in  the  same  or 
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similar  chambers  (Houk  and  Michaelson,  1974;  Lotz  and 
Michaelson,  1978) .  No  colonic  temperature  data  were  avail¬ 
able  on  rats  exposed  at  1.3  or  5.7  GHz.  An  estimate  of  the 
temperatures  of  rats  exposed  to  1.3  GHz  was  obtained  from 
dosimetry  data  of  de  Lorge  and  Ezell  (1980)  and  a  study  by 
Merritt,  et  al .  (1977)  that  used  smaller  rats  at  1.6  GHz. 


Procedure 

The  general  approach  of  the  entire  study  is  summarized  in 
Table  I.  At  the  left  side  of  the  table  are  indicated  the 
three  subject  groups  and  at  the  top  are  the  three  microwave 
frequencies.  The  P  refers  to  pulsed  energy  and  OT  refers  to 
continuous  wave.  The  operant  task  is  shown  in  each  cell  as 
either  an  observing  response  with  two  levers,  Bl;  a  fixed 
interval  schedule  with  one  lever,  B2;  or  a  repeated  acqui¬ 
sition  task  with  tiiree  levers,  B3.  The  upper-case  T  indi¬ 
cates  that  colonic  temperature  was  continuously  measured 
during  the  behavioral  sessions  and  the  lower-case  t  indi¬ 
cates  that  the  colonic  tenperature  was  estimated.  The 
orientation  of  the  long  axis  of  the  subject  to  the  electric 
field  vector  of  the  plane  wave  is  denoted  by  X,  Y,  and  Z  and 
whether  the  animal  is  facing  the  horn,  frontal;  below  the 
horn,  dorsal;  or  has  its  right  side  towards  the  horn, 
lateral . 

Several  variations  in  approach  are  evident  in  the  Table  I 
matrix.  Squirrel  monkeys  were  not  irradiated  at  1.3  GHz  and 
all  P' oosures  were  not  oriented  to  the  same  polarization. 
Nevertheless,  it  will  be  shown  that  the  distinctiveness  and 
general  lack  of  ambiguity  in  the  overall  results  of  these 
ejq)eriments  question  the  relevance  of  these  inconsistencies. 

The  specific  procedure  in  each  of  these  experiments  was 
to  train  an  animal  on  an  operant  task.  The  operant  task 
most  frequently  used  was  an  observing-response  task;  details 
of  the  procedure  are  provided  in  the  experiment  by  de  Lovge 
and  Ezell  (1980) .  Details  of  the  fixed- interval  schedule 
experiment  are  found  in  Sanza  and  de  Lorge  (1977) ,  and  simi¬ 
lar  information  regarding  the  repeated  acquisition  task  is 
found  in  Nelson  (1978)  and  de  Lorge  (1980)  .  Most  of  the 
daily  food  allotment  was  obtained  during  e;q)erimental  ses¬ 
sions,  and  no  water  was  available  during  the  session. 

The  primary  method  of  monitoring  performance  was  with 
cumulative  response  recording.  Response  rate  was  the  major 
index  of  performance,  although  other  mejisures  such  as  reac¬ 
tion  time,  errors  of  omission  and  commission,  post¬ 
reinforcement  pause  and  response  latency  were  also  obtained. 
After  within-session  and  between-session  stable  performance 
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TABLE  I.  Characteristics  of 
Contributing  Experiments 


MICROWAVE  FREQUENCY^ 

Sxibject 

1.3,  P 

2.45,  CW 

5.7,  P 

RAT 

X+Y ,  lateral 

X+Y,  dorsal 

X+Y,  lateral 

SS 

Bj^  T 

B^  T 

Z+Y,  dorsal 

Y,  frontal 

RH 

Bj^  T 

Bl  T 

Bl^ 

Y ,  frontal 

Y,  frontal 

Y,  frontal 

Symbol  identification: 

=  Observing  Response 
B^  =  Fixed  Interval 
B^  =  Repeated  Acquisition 
X,y,Z  =  Long  Axis  Orientation  to  E  Field 
T  =  Colonic  Tenperature  Measured 
t  =  Colonic  Tenperature  Estimated 
P  =  Pulsed 


CW  =  Continuous  Wave 


Basis  for  Disnjption  of  Opsrant  Behavior  by  Microwaves 


385 


had  developed  (as  determined  by  response-rate  equivalency) 
the  animal  was  e^qiosed  to  the  microwave  field  while  per¬ 
forming  the  task.  Typically,  sham-exposure  sessions  (all  of 
the  radar  equipment  energized  except  the  magnetron)  preceded 
and  followed  e:q)osure  sessions  by  one  day  except  that  Friday 
sessions  were  followed  by  two  days  of  no  sessions  and  a 
sham-e}q)osure  session  on  Monday.  With  very  few  exceptions, 
each  subject  was  exposed  at  least  three  times  to  each  power 
density  in  every  e}q)eriinent  and  three  to  eight  subjects  par¬ 
ticipated  in  each  experiment.  The  cinimals  were  trained  on  a 
specific  operant  task  to  manipulate  one  or  more  levers  to 
obtain  food.  E}q)osure  sessions  were  from  40  to  60  min.  A 
power  density  threshold  was  detemdned  by  assessing  the 
level  where  stable  performance  was  disrupted.  Disruption 
was  most  often  seen  as  a  response  rate  decrement.  Simul¬ 
taneously,  in  those  studies  where  colonic  temperature  was 
measured,  a  body  tenperature  was  determined  corresponding  to 
the  behavioral  disruption  threshold. 


RESULTS 


The  response  rate  decrement  as  a  consequence  of  microwave 
e}q)Osure  is  illustrated  in  Figure  2.  This  figure  contains 
examples  of  cumulative  observing-response  records  for  a  rat 
(R9)  e:q)osed  at  5.62  GHz  to  power  densities  ranging  from  0 
to  48.5  mW/cm^  (de  lorge  and  Ezell,  1980).  Only  selected 
power  densities  are  shown  in  the  figure  because  of  space 
limitations.  The  numbers  at  the  upper  left  of  each  record 
denote  the  power  density  (mW/cm^)  and  C  denotes  a  sham  or 
control  session.  Each  recording  is  from  an  entire  40-min 
session  and  each  record  for  an  exposure  session  is  preceded 
by  the  sham  session  record.  Sessions  begin  at  the  left  with 
time  increasing  to  the  right.  Each  observing-response  steps 
the  record  upwards.  Hash  marks  on  the  response  lines  indi¬ 
cate  the  occurrence  of  a  food  lever  response  and  hence  rein¬ 
forcement.  The  response  pen  resets  after  280  responses  or 
at  the  end  of  a  session.  At  26  mW/cm^  this  record  shows  a 
slight  rate  difference  in  the  latter  part  of  the  session,  at 
31.5  mw/cm^  a  larger  rate  change  with  extensive  pauses  and 
at  42  mW/cm^  the  rate  change  was  greater  and  the  pauses 
longer.  These  effects  are  typical  of  those  observed 
throughout  the  study  with  all  of  the  animals  at  all  fre¬ 
quencies  although  exceptions  did  occur  as  illustrated  in  the 
behavior  of  a  squirrel  monkey  in  one  e;q>eriment  (de  Lorge, 
1979) . 
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Figure  2.  Cumulative  records  of  observing-responses  for 
a  rat  (R9)  for  sham  (C)  and  exposures  at  5.62  GHz.  Power 
densities  are  indicated  at  the  upper  left  of  each  record. 
An  exposure  session  followed  the  sham  session  immediately 

^oye  it.  Responses  are  shown  on  the  left  and  time  is 
indicated  at  the  bottom. 
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A  similar  record  of  observing-responses  is  shown  in 
Figure  3  for  a  squirrel  monkey.  In  addii.ion,  the  colonic 
tenperature  of  this  animal  is  shown  for  the  same  e:q>osure 
session  (bottom  record)  as  denoted  on  the  left.  Time  is 
indicated  at  the  bottom  in  consecutive  minutes.  The  hori¬ 
zontal  line  below  the  cumulative  response  record  indicates 
when  the  food  available  signal  was  present.  In  this  e:q>eri- 
ment  (de  Lorge,  1979)  the  microwave  exposure  began  30  min 
(first  arrow)  into  the  session  and  lasted  for  1  h  (second 
arrow) .  A  slight  rise  in  temperature  occurred  during  the 
initial  half  hour  followed  by  a  more  rapid  rise  during  the 
exposure  period.  A  decrement  in  response  rate  gradually 
developed  during  the  microwave  exposure.  Several  pauses 
occurred  as  irradiation  continued  and  temperature  increased. 
At  the  termination  of  irradiation  the  monkey  stopped  re¬ 
sponding  for  several  minutes  and  then  gradually  resumed  pre¬ 
irradiation  response  rates.  The  rapid  fall  in  colonic 
temperature  after  the  microwaves  were  removed  and  the  other 
characteristics  of  tenperature  and  response  changes  were 
typical  of  this  and  similar  ejqjeriments  in  the  present 
report . 

The  ciimulative  records  provided  an  excellent  method  of 
assessing  a  microwave  effect  in  action,  but  a  quantitative 
assessment  of  this  effect  was  achieved  by  comparing  response 
rates  in  sham  sessions  with  response  rates  during  e:q>osure 
sessions.  An  exanple  of  these  ratios  is  illustrated  in 
Figure  4.  This  figure  summarizes  the  results  of  experiments 
on  5  rhesus  monkeys  ejqjosed  to  1.3  GHz  microwaves  during  1-h 
observing- response  sessions.  The  circles  indicate  the  mean 
ratio  as  shown  on  the  left  and  each  mean  is  bracketed  by  the 
standard  error  of  the  mean.  The  horizontal  line  at  a  ratio 
of  1.0  denotes  the  same  response  rates  during  sham  and  expo¬ 
sure  sessions.  No  large  differences  in  responding  at  the 
various  power  densities  were  observed  below  63  mW/cm^.  The 
slight  increase  at  45  mW/cm^  was  caused  by  an  exceptionally 
high  rate  of  responding  by  one  animal.  Omission  of  that 
animal's  data  produces  a  mean  ratio  of  1.01  and  a  corres¬ 
ponding  smaller  standard  error.  Ordinarily  the  decrement  in 
response  rate  was  correlated  with  increases  in  power  den¬ 
sity.  An  absolute  threshold  of  56  mW/cra^  was  chosen  here. 
Similar  graphs  were  plotted  for  all  of  the  ejqjeriments  and 
thresholds  were  determined  by  choosing  a  level  midway  be- 
:.v'een  the  pov?er  density  where  an  obvious  effect  was  reliably 
ob.'-erved  and  the  one  where  no  effect  was  seen. 

The  body  temperature  of  the  animals  as  indexed  by  colonic 
temperature  is  shown  in  Figure  5.  A  linear  regression  was 
calculated  with  these  tenperature  data  and  42  mW/cm^  was 
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estimated  to  be  the  power  density  at  which  a  1  °C  body 
temperature  increase  above  baseline  would  occur. 

DISCUSSION  AND  CONCLUSIONS 


After  analyzing  the  empirical  records  to  determine  the 
power  density  thresholds  necessary  to  produce  a  significant 
change  in  behavior,  these  data  were  used  to  generate  three 
families  of  curve  sets  that  show  relationships  among  micro- 
wave  field  parameters  and  various  anatomical  indices.  The 
first  set  is  shown  in  Figure  6  which  shows  the  behavioral 
thresholds  as  a  function  of  body  mass.  Mass  is  plotted  on 
the  abscissa  on  a  logarithmic  scale  and  each  curve  corres¬ 
ponds  to  a  specific  microwave  frequency.  Tlie  ordinate  is 
power  density  in  mW/cm^  at  threshold.  The  three  points  cor¬ 
responding  CO  the  heavier  animals,  the  rhesus  monkeys,  are 
grouped  at  the  right,  the  rhree  data  points  derived  from 
rats  are  at  the-  left  and  the  two  data  points  derix’ed  from 
squirrel  monkeys  are  at  the  center  of  the  figure.  The 
plotted  values  are  the  means  for  all  animals  in  the  same 
species  that  were  used  to  establish  the  thresholds.  It  is 
apparent  that  an  increase  in  power  density  sufficient  to 
cause  an  effect  occurs  as  the  microwave  frequency  and  body 
mass  increase.  The  relative  increase  in  threshold  power 
density  at  the  high  frequency  for  the  rhesus  is  about  the 
same  as  that  for  the  other  animals  except  that  2.45  GHz  is 
the  frequency  requiring  most  energy  for  an  effect  in  the 
smaller  anim£\ls. 

An  animal’s  ability  to  generate  or  maintain  body  heat  is 
often  given  as  specific  metabolic  rate  or  metabolic  heat 
p.coduction  per  unit  body  mass;  therefore,  the  curves  of 
Figure  6  might  provide  a  basis  for  extrapolation  to  other 
sized  animals  and  thus  predict  power  densities  where  similar 
behavior  would  be  disrupted.  However,  it  is  also  likely 
that  an  animal's  body  surface  area  would  be  an  important 
index  for  extrapolation.  Body  mass  and  body  surface  area 
are  directly  correlated  (McMahon,  1973)  and  curves  based  on 
one  resemble  curves  based  on  the  other.  The  same  is  true  of 
body  length  and  body  mass  (Liu  and  Higbee,  1976)  .  For 
example,  in  Figure  7  the  same  behavioral  thresholds  of  power 
density  that  v;ere  previously  shown  are  now  plotted  as  a 
function  of  one  half  of  the  body  surface  area  of  the 
animals.  This  measure  was  used  as  a  liberal  estimate  of  the 
surface  exposed  to  the  microwave  field. 

Instead  of  whole-body  heat  deposition  as  a  predictive 
index  of  an  animal's  reaction  to  microwave  irradiation,  one 
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Figure  7.  The  thresholds  of  behavioral  disruption  on 
operant  tasks  at  three  frequencies  shovm  as  a  function  of 
estimated  exposed  body  surface  area  (abscissa) . 


might  consider  local  heat  deposition  in  specific  anatomical 
structures.  For  exanple,  the  three  species  of  animals  in 
the  present  study  all  have  different  sized  cranial  cavities 
that  may  have  unique  relationships  to  the  wavelengths  of  the 
three  different  microwave  frequencies.  In  Figure  8  the 
behavioral  thresholds  shown  in  previous  figures  are  illus¬ 
trated  as  a  function  of  the  anterior-posterior  length  of  the 
cranial  cavity  for  a  representative  animal  of  each  group  of 
subjects.  With  the  exception  of  the  rhesus  monkey  at  5.7 
GHz,  this  particular  relationship  is  more  linear  than  the 
previous  relationships  and  might  be  a  better  index  for  pre¬ 
dicting  behavioral  effects  in  animals  with  cranial  cavities 
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ANTERIOR-POSTERIOR  CRANIAL  DIAMETER  (mm) 


Figure  8.  The  thresholds  of  behavioral  disruption  at 
three  frequencies  shown  as  a  function  of  the  anterior- 
posterior  cranial  cavity  diameter  (abscissa) . 


smaller  than  that  of  the  rhesus. 

Similar  correlations  to  those  shown  in  Figures  6,  7  and  J 
could  be  constructed  by  using  power  density  levels  required 
for  a  1  °C  colonic  tenperatvire  rise  instead  of  the  behavior 
disruption  thresholds.  The  coincidence  between  these  rela¬ 
tionships  is  strikingly  illustrated  in  Figure  9.  This 
figure  shows  the  power  density  required  for  a  1  °C  change  in 
temperature  and  the  power  density  threshold  for  a  behavioral 
change,  both  plotted  as  a  function  of  microwave  frequency. 
Each  group  of  subjects  is  repre_-ented  by  a  set  of  connected 
lines.  The  triangles  denote  the  levels  where  temperature 
increases  of  1  °C  occurred  and  the  circles  represent  the 
levels  where  behavior  was  affected.  Several  conclusions  can 
be  drawn  from  Figure  9.  The  smaller  the  animal  the  greater 
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the  relative  effect  at  all  frequencies,  although  this  is 
only  a  guess  for  the  squirrel  monkey  at  1.3  GHz.  Behavioral 
changes  will  probably  occur  with  the  1  °C  colonic  tempera¬ 
ture  change  or  at  slightly  higher  temperature  changes  in  the 
rhesus  monkey.  As  the  animal  size  increases  higher  power 
densities  are  required  to  affect  either  behavior  or  colonic 
temperature  at  the  chosen  frequencies.  At  the  frequency  of 
whole-body  resonance  it  is  expected  that  all  of  these 
animals  will  display  greater  sensitivity.  It  is  also  pos¬ 
sible  that  some  of  these  values  for  the  squirrel  monkeys  and 
rats  differ  more  because  of  body  orientation  with  respect  to 
the  microwave  field  vectors  than  from  the  change  in  wave¬ 
length,  For  example,  lateral  irradiation  of  the  rat 
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FREQUENCY  (GHz) 

Figure  9  Thresholds  (AL)  of  behavioral  disruption  of  an 
operant  task  an  of  a  1  "C  temperature  increase  above  base¬ 
line  for  three  different  sized  animals  as  a  function  of 
power  density  (ordinate)  and  frequency  (abscissa) . 
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may  deposit  more  energy  than  dorsal  irradiation  at  2.45  GHz, 
and  frontal  irradiation  of  the  sitting  squirrel  monkey  may 
deposit  more  energy  than  dorsal  irradiation  at  the  same 
frequency . 

In  contrast  to  the  relationships  of  earlier  figures, 
Figure  9  suggests  that  data  obtained  from  one  animal  species 
do  not  lend  themselves  very  well  to  generalizations  about 
other  species.  The  results  of  the  rat  studies  might  lead 
one  to  draw  completely  different  conclusions  than  those 
derived  from  the  rhesus  data.  Only  with  several  different 
species  at  very  different  body  sizes  as  in  the  present  study 
can  one  begin  to  gain  a  realistic  assessment  of  microwave 
effects. 

The  general  shape  or  these  curves  might  be  predicted  from 
the  specific  absorption  rate  curves  for  these  animals  as 
described  in  Durney,  et  al.  (1978).  One  major  exception  to 
this  was  the  high  power  required  at  5.8  GHz  for  the  rhesus 
monkey.  Much  less  power  to  produce  effects  at  this  fre¬ 
quency  was  predicted.  The  cause  of  this  exception  may  lie 
in  the  fact  that,  at  this  frequency,  it  was  necessary  to 
position  the  animal  at  about  60  percent  of  the  far-field 
distance  from  the  horn  to  achieve  high  power  densities  in 
the  area  of  the  animal’s  head.  This  proximity  to  the  horn 
resulted  in  a  highly  nonuniform  distribution  of  power  den¬ 
sity  across  the  ventral  surface  of  the  animal. 

Specific  absorption  rates  calculated  or  measured  in 
saline  models  at  the  various  threshold  values  for  different 
species  showed  no  consistencies  except  at  2.45  GHz.  At  this 
frequency  the  SAR's  tended  to  average  between  4  and  5  W/kg. 
The  rat  at  5.7  GHz  and  the  rhesus  at  1.3  GHz  also  absorbed 
between  4  and  5  W/kg  at  the  behavioral  thresholds.  However, 
the  squirrel  and  rhesus  monkeys  at  5.7  GHz  absorbed  higher 
levels  of  energy  and  the  rat  at  1.3  GHz  absorbed  less 
energy.  Consequently,  whole  body  estimates  of  energy 
absorption  may  not  be  the  best  data  for  predicting  behav¬ 
ioral  effects  across  frequencies.  Other  aspects  of  micro- 
wave  energy  deposition  such  as  distribution  or  local 
resonance  might  be  more  consistent  parameters  for  predicting 
behavioral  effects.  Although  the  correlation  between  behav¬ 
ioral  change  and  a  1  °C  tenperature  rise  is  very  useful  for 
estimating  disruption  of  behavior,  the  argument  that  the 
response  is  caused  merely  by  a  core  temperature  change  is 
not  very  convincing.  As  indicated  in  Figure  8  the  causal 
agent  could  be  energy  deposition  in  the  brain  or  head  area. 

It  might  be  that  at  certain  frequencies  surface  irradia¬ 
tion  literally  causes  the  animal  to  move  away  from  a 
location  so  that  another  surface  is  illuminated  or  causes 
him  to  become  less  active  and  reduce  metabolic  rate 
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(Roberts,  et  al.,  197*1).  Such  responses,  compatible  with 
reduced  energy  capture  but  incompatible  with  ongoing  re¬ 
sponding,  could  explain  the  results  of  several  studies  using 
both  restrained  euid  unrestrained  animals.  In  addition, 
other  characteristics  of  microwaves  such  as  novel  stimula¬ 
tion,  affective  tone,  auditory  stimulation,  and  even  the 
body  temperature  decrease  that  occurs  with  the  removal  of 
microwave  irradiation,  should  not  be  dismissed. 

Our  experiments  only  raise  questions  relating  to  the 
behavioral  effects  of  microwaves  at  frequencies  above 
resonance  for  these  specific  animals.  A  different  set  of 
relationships  may  exist  at  resoncint  and  below  resonant  fre¬ 
quencies  although  this  investigator  would  hazard  a  guess 
that  the  power  density  threshold  would  continue  to  decrease 
for  all  three  cinimal  sizes  at  resonant  frequencies  and  then 
increase  again  at  frequencies  below  re.-onance.  The  utility 
of  cUiy  of  the  specific  relationships,  e.g.,  that  in  Figure 
a,  at  cUiy  range  of  frequencies  will  have  to  be  empirically 
determined.  To  help  resolve  the  issue  a  study  should  be 
conducted  with  a  single  behavioral  task  in  a  species  of 
animals  where  a  large  variation  in  body  size  occurs  in 
adults  of  that  species  (the  canine,  for  example) .  Microwave 
parameters  could  be  determined  that  would  allow  a  represen¬ 
tative  series  of  wavelengths  below  resonance,  at  resonance, 
and  above  resonance  for  each  body  size.  Holding  constant 
the  species  varicible  while  allowing  body  and  brain  sizes  to 
vary  should  provide  definitive  ariswers  to  many  questions 
elicited  by  the  present  study. 
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I.  INTRODUCTION 


Several  studies  have  examined  responses  of  the  central 
nervous  system,  including  behavior,  to  short-term  (acute) 
microwave  ej^osure.  Comprehensive  reviews  have  been  pre¬ 
pared  by  Adey  (1980) ,  Justesen  (1980) ,  and  Lovely  (1982) . 
Thermoregulatory  response  changes  (Adair  and  Adams,  1980; 
Stern,  et  al.,  1979)  are  but  one  subset  of  such  e^^iosure 
effects.  Few  studies  however,  outside  of  those  conducted  in 
the  Soviet  Union,  have  examined  effects  of  long-term  (sub¬ 
chronic)  exposure  to  microwaves  at  low  levels  of  incident 
energy  (less  than  10  iriW/cm^) .  Thus,  we  know  little  about 
the  effects  of  long-term  exposure  on  behavior  per  se  and 
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other  functions  of  the  central  nervous  system  including 
thermoregulation . 

One  reason  for  the  paucity  of  research  on  the  biological 
consequences  of  subchronic  microwave  exposure  is  the  inher¬ 
ent  difficulty  in  e:(q)osing  a  laboratory  animal  to  microwave 
fields  for  long  periods  of  time.  For  exanple,  the  introduc¬ 
tion  of  life-support  facilities  (e.g.,  a  source  of  drinking 
water)  can  compromise  the  e:q>osure  regimen  densitometrically 
and  dosimetrically  by  an  order  of  magnitude  or  more  (Guy  and 
Korbel,  1972). 

Recently,  Guy  and  Chou  (1976)  developed  an  exposure  sys¬ 
tem,  the  circularly  polarized  wavcguiae  system,  that  could 
be  used  for  the  long-term  exposure  of  a  laboratory  animal 
while  maintaining  relatively  constant,  and  minimally  unper¬ 
turbed,  field  densitometry  and  correlated  dosimetry.  The 
studies  reported  here  examined  some  mammalian  responses  to 
subchronic  microwave  exposure  in  this  exposure  system. 

When  we  speak  of  "subtle  consequences  of  exposure"  we 
mean  only  that  the  effects  were  observed  in  the  absence  of 
changes  in  core  temperature  due  to  microwave  exposure.  When 
we  measure  +  AT  (°C)  in  core  temperature  consequent  to 
microwave  exposure,  we  are  witnessing  a  breakdown  of 
thermoregulatory  mechanisms.  Short  of  this  event,  the 
exposed  subject  makes  a  number  of  thermoregulatory  and 
metabolic  accommodations  to  maintain  a  constant  body 
temperature  and  to  deal  effectively  with  the  energy  being  I 

deposited  in  its  tissues.  These  latter  changes  should 
interest  us  for  they  are  the  subtle  consequences  of  exposure 
to  weak  microwave  fields.  The  long-term  accommodations, 
which  accompany  subchronic  exposure,  can  lead  to  a  number  of 
interesting  effects  some  of  which  are  described  below. 


II.  MATERIALS  AND  METHODS 


'V, 

I 


p- 
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A.  Exposure  Protocols 

Two  fundamentally  different  types  of  experimental  proto¬ 
col  were  employed.  In  Experiment  lA,  independent  groups  of 
male  rats  were  either  exposed  or  sham-exposed  to  915-MHz 
microwaves  for  10  hr/night  for  up  to  4  mo.  In  Experiment 
IB,  independent  groups  of  rats  were  similarly  exposed,  or 
sham-exposed,  to  2450-MHz  microwaves  for  10  hr/  night  for  4 
mo.  In  Experiment  II,  using  a  different  type  of  protocol, 
pregnant  female  rats  were  exposed  for  20  hr/day  for  19  days 
of  gestation.  Control  groups  were  either  sham-exposed  or 
served  as  caged  controls.  The  main  focus  of  the  study 
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attended  to  assessment  of  various  functions  and  the  develop¬ 
mental  status  of  the  gravid  rats*  progeny. 

B.  Microwave  Exposure  System 

The  exposure  system  illustrated  in  Figure  1  shows  the 
Plexiglas  cages  in  which  the  rats  resided.  Each  rat  could 
move  freely  within  the  20  x  17  x  12  cm  Plexiglas  cage,  which 
was  centered  inside  the  waveguide.  Also  shown  is  the  non¬ 
field-perturbing  water  source  (A) ,  the  food  magazine  (B)  , 
and  the  collecting  tray  (C)  which  catches  and  funnels  ex¬ 
creta  out  of  the  exposure  system.  The  exposure  chamber 
consists  of  a  cylindrical  waveguide  excited  with  circularly 
polarized  guided  waves.  Eight  waveguides  were  energized 
from  a  single  power  source  via  an  eight-way  power  splitter 


Figure  1.  Side  view  of  circular  waveguide  es^osure 
system  with  rat  in  Plexiglas  hutch.  Water  source  (a)  pro¬ 
vides  isolated  drop  of  water  that  is  electrically  decoupled 
from  microwave  field  by  two  quarter-wave  concentric  chokes. 
Food  magazine  (b)  holds  15  to  20  chow  pellets.  Waste  and 
excreta  is  funnelled  to  collecting  tray  (c)  .  In  the  left 
foreground  are  power  meters  providing  for  measuring  forward 
and  reflected  power  which,  in  turn,  can  be  used  for  numeri¬ 
cal  solution  of  energy  capture  by  the  rat  to  determine 
specific  absorption  rate  (SAR) . 
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(915-MHz)  or  four  network-dividers  with  directional  couplers 
{2450-MHz) .  The  waveguide  system  allows  for  easy  queintifi- 
cation  of  fields,  in  terms  of  specific  absorption  rate  (SAR; 
i.e.,  the  mass-r  Drmalized  rate  of  energy  absorption)  and  of 
spatially-averaged  power  density  of  energy  incident  on  the 
animal.  Eight  similar  sham-exposure  units  (i.e.,  not  ener¬ 
gized)  were  distributed  proximal  to  the  e^qposure  units;  all 
units  were  kept  in  the  Scime  room  in  which  the  hanging  metal 
rat  cages  were  maintained.  Further  details  on  the  exposure 
system,  as  well  as  dosimetric  evaluations,  have  been  de¬ 
scribed  by  Guy  and  Chou  (1976)  for  the  915-MHz  system  and  by 
Guy  and  McDougall  (1979)  for  the  2450-MHz  system. 


C.  E}q>osures  of  Adult  Male  Rats 
(Experiment  I) 

In  Experiments  lA  and  IB,  the  subjects  were  independent 
groups  of  16  naive  Wistar-derived  male  rats  (obtained  from 
Simonsen  Laboratories,  Gilroy,  CA)  approximately  75  days  of 
age  on  arrival  at  our  laboratory.  They  were  adapted  to  the 
laboratory  environment  for  2  weeks  during  which  they  lived 
in  standard  hanging  metal  laboratory  cages  (24  x  18  x  18  cm) 
on  a  diet  of  Purina  chow  and  tap  water  ad  libitum.  Four 
40-W  red  lignt  bulbs  illuminated  the  room  continuously  while 
banks  of  fluorescent  ceiling  lights  were  cycled  on  at  0700  I 

hr  and  cycled  off  at  1900  hr.  The  room  temperature  averaged 
22  ±  1  °C  (range)  and  relative  humidity  was  50  ±  5%  (range) . 

The  general  procedure  has  been  described  in  c’etail  else¬ 
where  (Moe,  et  al.,  1976).  Briefly,  after  the  rats  had  been 
adapted  to  the  hanging  metal  cages  for  2  wk.  th»jy  were  al¬ 
lowed  to  adapt  to  the  waveguide  exposure  system  Plexiglas 
cages  for  2  additional  wk.  At  1700  hr  daily,  each  rat  was 
placed  in  the  Plexiglas  cage,  which  was  then  inserted  into 
the  waveguide,  where  the  rat  remained  until  0800  hr  the  next 
day.  Exposure  to  microwaves  was  from  2200  hr  to  0800  hr  the 
next  day,  7  days/wk  for  16  wk.  At  0800  hr,  each  rat  was 
removed  from  the  exposure  system  cage  and  returned  to  its 
hanging  cage  imtil  1700  hr,  at  which  time  the  daily  proce¬ 
dure  was  repeated.  In  addition  to  body  mass,  consumption  of 
food  and  of  ware’  in  the  exposure  system  was  determined  each 
morning  as  were  siirdlai.  consumption  measures  for  the  home 
cage  residence  time  at  1700  hr  daily.  In  determining  food 
consultation  we  included  all  chow  that  \^as  spilled  and  that 
remained  dry.  This  usually  accounted  for  more  than  80 
percent  of  the  rats  daily  spillage.  Colonic  tenperature 
measurements  were  made  as  rapidly  as  possible  (within  2  min) 
after  termination  of  an  exposure  session.  These  measure¬ 
ments  were  made  with  a  Bailey  (BAT-8)  digital  display 
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thermistor  thermometer.  On  a  day  scheduled  for  colonic  tem¬ 
perature  measurements  one  e^^osed  rat  and  one  sham  e;q>osed 
rat  were  removed  from  their  exposure  system  cage  immediately 
after  the  microwave  source  was  ti’rned  off  (0800  hr)  .  The 
rat  was  gently  cradled  in  one  arm  and  the  Bailey  thermometer 
probe  was  inserted  approximately  5  cm  beyond  the  anal 
sphincter.  Asymptotic  tenperature  measurements  were  ob¬ 
tained  in  7-10  sec.  The  procedure  was  then  repeated  the 
next  morning  at  0800  hr  on  a  second  pair  of  rats  until  all 
rats  had  been  through  the  procedure.  These  determinations 
were  made  during  the  second,  sixth  and  tenth  week  of  expo¬ 
sure.  In  addition  to  these  determinations,  2  cc  intracar- 
dial  blood  sanples  were  obtained,  under  light  Penthrane 
anesthesia  at  4,  8,  12  cind  16  wk  of  exposure,  for  the  deter¬ 
mination  of  serum  electrolytes,  glucose,  urea  nitrogen,  and 
carbon  dioxd.de.  At  13  wk  of  exposure,  2  cc  blood  sanples 
were  similarly  obtained  under  ether  anesthesia  to  deteraiine 
basal  and  ether-stress-induced  levels  of  corticosterone. 
When  blood  was  sampled  (0900-1100  hr) ,  the  rats  were  quickly 
and  quietly  removed  from  their  home  cage  and  placed  in  a 
dessicator  jar  filled  with  cotton  soaked  in  anesthesia.  Any 
blood  sample  not  obtained  within  2.5  min  following  removal 
of  the  rat  from  the  home  cage  was  discarded. 

At  the  beginning  of  the  2  wk  period  of  adaptation  to  the 
exposure  system,  the  rats  were  matched  for  body  mass  and 
randomly  assigned  to  either  the  exposed  group  (N  =  8)  or  to 
the  sham-exposed  grovp  (N  =  8) .  If  the  groups  were  signifi¬ 
cantly  different  in  mean  body  mass  at  the  end  of  adaptation, 
they  were  matched  again  and  reassigned  to  new  groups  before 
the  start  of  exposure. 

For  Experiment  lA,  the  915-Jfflz  waveguides  were  energized 
to  produce  a  spatially-averaged  power  density  of  5  fflW/cm^ 
(maxcimum  of  10  irW/cm^  on  the  center  axis  of  the  waveguide)  , 
representing  a  whole-body  SAR  of  approxdmately  2.0  WAg. 
For  Experiment  IB,  the  2450-MHz  waveguides  were  energized  to 
produce  a  spatially-averaged  power  density  of  5  mW/cm^, 
which  corresponded  to  a  whole-body  SAR  of  approxdmately  3 . 2 

wAg. 


D.  Exposures  of  Gravid  Female 
Rats  (Experiment  II) 

Thirty-eight  naive,  Wistar-derived,  female  rats  obtained 
from  the  vivariiom  in  the  Psychology  Department  at  the  Univer¬ 
sity  of  Washington  (Simonsen  Laboratories  breeding  stock, 
Gilroy,  CA)  were  approximately  85  days  of  age  on  arrival  at 
our  laboratory.  The  next  day  they  were  allowed  to  adapt  to 
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the  laboratory  for  5  days  while  residing  in  standard  hanging 
metal  cages  (24  x  18  x  18  cm)  with  free  access  to  Purina 
chow  and  tap  water.  The  room  temperature  was  21  ±  1  “C; 
relative  humidity  cind  room  lighting  were  the  same  as  that 
described  previously. 

The  2450-MHz  exposure  system  was  the  same  as  that  em¬ 
ployed  in  Experiment  IB,  except  that  it  was  energized  to 
provide  a  spatially  averaged  pov;er  density  of  500  yW/cm^, 
corresponding  to  an  SAR  of  approximately  0.3  W/kg  in  the 
adult  rat. 

After  a  5-day  period  of  adaptation  to  the  laboratory, 
eight  females  (four  smallest  and  four  largest)  were  dis¬ 
carded  to  provide  a  more  homogenous  group  of  subjects.  The 
remaining  30  females  were  then  matched  for  body  mass  and 
randomly  assigned  to  the  exposed,  sham-exposed,  or  non- 
handled  caged  control  groups. 

The  30  females  were  then  allowed  to  adapt  to  the  wave¬ 
guide  housing  and  exposure  system  for  2  wk.  At  1200  hr 
daily,  eacn  rat  was  placed  in  the  Plexiglas  cage,  which  was 
then  inserted  into  the  waveguide,  where  the  rat  remained 
until  0800  hr  the  next  day.  At  0800  hr,  each  rat  was 
removed  from  the  exposure  system  and  returned  to  it's  home 
cage  until  1200  hr,  at  which  time  the  daily  procedure  was 
repeated.  During  this  period,  body  mass,  consumption  of 
food  and  of  water  in  the  exposure  system  and  in  the  home 
cage  were  determined  each  morning  at  0800  hr  and  1200  hr 
respectively. 

At  the  end  of  the  2-wk  period  of  adaptation  to  the  expo¬ 
sure  system,  each  female  was  randomly  assigned  to  and  indi¬ 
vidually  housed  with  a  male  rat  experienced  as  a  breeder 
(obtained  from  the  same  Wistar  stock  as  the  female) .  Mating 
was  determined  by  the  presence  of  a  sperm  plug  beneath  the 
cage.  The  first  eight  of  ten  rats  in  each  group  to  conceive 
were  included  in  the  three  treatment  groups  described  below 
(N  =  8/group)  .  At  1200  hr  following  mating,  the  female  rat 
was  returned  to  its  exposure  system  cage  or  home  cage,  de¬ 
pending  on  treatment  group. 


1.  Exposed  Group.  The  pregnant  rats  were  exposed  for 
the  first  19  days  of  gestation  from  1200  hr  to  0800  hr  the 
following  day.  Hie  rats  were  housed  in  their  home  cages 
from  0800  hr  to  1200  hr  each  day.  Body  mass,  consumption  of 
food  and  of  v.’;'ter  in  the  exposure  system  and  in  the  home 
cage  were  determined  each  morning  at  0800  hr  and  1200  hr 
respectively. 
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2.  Sham- Exposed  Group.  The  females  were  subjected  to 
the  same  procedures  as  the  exposed  group,  except  that  their 
waveguides  were  never  energized. 

3.  Non-Handled  Caged-Control  Group.  The  females  of  this 
group  were  not  handled  through  19  days  of  gestation  and  were 
housed  in  hanging  metal  cages. 

At  1200  hr,  after  the  19th  exposure  period,  or  the  19th 
day  of  gestation  for  caged  controls,  all  gravid  females  were 
placed  in  individual  opaque  polyvinyl  breeder  bins  (25  x  32 
X  15  cm)  with  hardware  cloth  lids.  These  were  filled  with 
corn  cob  litter  material;  Purina  chow  and  tap  water  were 
available  continuously.  At  parturition  (day  1),  individual 
birth  weights  and  the  number  of  live  and  stillbirths,  and 
obvious  physical  abnormalities  were  recorded.  On  day  4, 
each  litter  was  culled  to  four  females  and  four  males,  which 
were  left  with  their  natural  mothers  (N-pups) .  The  prena- 
tally  ejqjosed  or  sham-ejqiosed  pups,  which  were  culled  out  of 
the  above  litters,  were  given  to  naive  foster  mothers 
(F-pups)  of  the  same  postpartum  status,  which  were  obtained 
from  the  same  colony  in  the  vivarium.  They  were  housed  in 
lucite  breeder  bins  with  stainless  steel  wire  lids  filled 
with  corn  cob  litter  material.  The  foster  mothers  had 
access  to  Purina  chow  and  tap  water  ad  libitum.  Each  F-pup 
was  either  exposed  or  sham-exposed  to  500  }iW/cm^,  2450-MHz 
microwaves,  2  hr/day  from  day  4  through  day  11  of  life 
During  exposure,  the  F-pups  were  placed  on  a  Styrofoam  plat¬ 
form.  This  constrained  movement  of  the  pups  to  a  25-cm^ 
area  in  the  center  of  the  Plexiglas  cage  which  was  inserted 
into  the  exposure  system  as  shown  in  Figure  2.  Determina¬ 
tions  of  the  temperature  of  thoracic  ski.n  were  made  before 
and  after  each  exposure  period  for  all  F-pups.  All  ten^er- 
ature  measurements  were  made  with  a  Bailey  (BAT-8)  digital 
display  thermistor  thermometer.  As  each  foster  pup  was 
removed  from  its  breeder  bin,  or  2  hr  later  from  the  expo¬ 
sure  system,  the  Bailey  surface  sensor  was  placed  firmly 

against  the  pup.s  rib  cage.  The  sensor  was  attached  to  a 

sturdy  wire  lead  so  t-hat  only  pressure  on  the  wire  distal 
from  the  sensor  was  necessary  to  achieve  a  firm  contact  with 
the  thoracic  skin  over  an  area  of  approximately  1  cm. 
Asynptotic  temperature  readings  were  obtained  within  7-10 
sec.  Body  mass  on  day  7  and  day  11  of  life  was  also 

measured. 

A  summary  of  the  partial  fostering  design  of  the  experi¬ 
ment  and  the  N's  involved  is  shown  in  Table  I. 

On  day  7  of  life,  and  weekly  thereafter,  the  body  mass  of 
each  N-pup  was  determined.  All  pups  were  weaned  at  28  days 
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Fj.gure  2.  Plexiglas  rat  hutch  v/ith  Styrofoam  support  pid 
inserted  to  hold  neonatal  rat  pup  for  postnatal  microwave 
e^osure.  The  center  square  was  made  with  Styrofoam  walls 
to  constrain  neonatal  movement  during  exposure. 


of  age.  At  98  days  of  age,  all  F-pups  were  subjected  to  an 
8-hr  (maximum  time)  cold  stress  test  at  5  ±  0.5  ®C.  During 
the  cold  stress  test,  the  rats  were  restrained  in  a  Plexi¬ 
glas  rodent  holder.  The  colonic  temperature  of  each  rat  was 
monitored  continuously  using  the  Bailey  thermistor  thermo¬ 
meter.  The  probe  was  inserted  approximately  5  cm  beyond  the 
anal  sphincter  and  was  left  in  this  position  throughout  the 
cold  stress  test  with  the  wire  lead  terminal  left  outside 
the  test  chamber.  These  in  turn  were  plugged  into  the 
Bailey  thermometer  and  core  temperature  was  recorded  at  half 
hour  intervals.  We  did  not  carry  out  this  assessment,  or 
continue  with  the  postnatal  microwave  exposure,  in  the 
N-pups  because  other  tests  (not  described  here)  had  been 
scheduled  for  these  main  groups  (e.g.,  day  of  eye  openings, 
shuttlebox-avoidance  conditioning,  circadian  period  of  deep 
colonic  temperature,  etc.). 
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Tcible  I.  Number  of  F-Pups/Treatmei»t  Condition 
and  Experimental  Design 


Prenatal  Condition/Postnatal 
Condition 

Code 

N 

Females 

Males 

Exposed/Exposed 

E/E 

3 

4^ 

Exposed/Sham-Exposed 

E/S 

3 

4 

Sham-Exposed/Exposed 

S/E 

4 

4 

Sham-E^osed/Shcim-Exposed 

S/S 

4^ 

4 

a 


N  =  3  for  adult  assessment 


III.  RESULTS  AND  DISCUSSION 

A.  Exposures  of  Adult  Male  Rats 
(Experiment  I) 


The  effect  of  exposure  to  915  MHz  microwaves  on  food  con- 
sunption  and  body  mass  is  shown  in  Figure  3.  In  Figures  3A 
and  3C,  it  is  clear  that  there  was  a  drama ^'ic  drop  in  total 
food  consun^jtion  and  food  consunption  in  the  exposure  system 
for  the  sham-exposed  rats  at  the  end  of  the  14th  wk  of 
exj)OSure.  This  occurred  because  exposure  logistics 
necessitated  employing  a  new  water  bottle  which  failed  to 
operate  properly  when  it  was  initially  installed  (in  the 
13th  wk) .  This  reduction  in  food  consunption  (contingent 
upon  availability  of  water)  was  offset,  in  part,  by  an 
increased  consumption  of  food  in  the  home  cage  (Figure  3B)  . 
Nevertheless ,  total  food  consunption  by  the  sham-exposed 
control  group  was  reduced  during  the  13th  and  14th  wk 
(Figure  3C) .  Because  food  consunption  was  compromised  by 
apparatus  malfunction,  we  analyzed  the  data  p  esented  in 
Figure  3  only  through  12th  wk  of  exposure. 

The  food  consumption  and  body  mass  data  shown  in  Figure  3 
were  analyzed  by  a  repeated-measures  analysis  of  variance 
(Edwards,  1978).  Food  consunption  in  the  exposure  system 
was  not  significantly  different  r-.r  the  two  groups,  F  (1, 
14)  =  3.61,  0.05  <  p  <  0.10,  although  there  was  a  signifi¬ 
cant  source  of  variance  attributable  to  repeated  measures. 
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^  (5,  70)  =  31.76,  p  <  0.001.  The  interaction  term  was  not 
significant,  F  (5,  70)  <  1.0.  Similarly,  food  consumption 
in  the  home  cage  failed  to  differentiate  groups  with  regard 
to  treatment,  F  (1,  14)  <  1.0,  although  a  significant  effect 
of  repeated  measures  was  found,  F  (5,  70)  -  30.83, 
p  <  0.001,  while  the  interaction  term  was  not  significant,  F 
(5,  70)  <1.0.  As  for  total  daily  food  consumption,  no 
significant  differences  were  found  due  to  treatments,  F  (1, 
14)  =  1.01,  repeated  measures,  F  (5,  70)  =  1.75,  nor  was 
there  a  significant  interaction,  F  (5,  70)  <  1.0.  As  Figure 
3D  suggests,  microwave  exposure  failed  to  alter  body  mass,  F 
(1,  14)  <  1.0.  There  was,  however,  a  significant  effect  of 
repeated  measures,  indicating  that  rats  in  both  groups  in¬ 
creased  body  mass  with  age,  F  (5,  70)  =  174.78,  p  <  0.001. 
As  with  the  other  analyses,  the  interaction  term  was  not 
significant,  F  (5,  70)  <  1.0. 

Turning  to  Experiment  IB  at  2450-MHz,  the  food  con¬ 
sumption  in  the  exposure  system,  food  consumption  in  the 
home  cage,  total  daily  food  consumption,  and  body  mass  are 
illustrated  in  Figures  4A,  B,  C  and  D  (respectively)  and 
were  analyzed  in  the  same  manner  as  the  915-MHz  data,  with 
two  exceptions:  1)  The  analysis  of  variance  evaluated  the 
data  over  the  entire  experiment  (16  wk) ,  as  opposed  to  the 
12-wk  analysis  of  E>^eriment  lA;  2)  Since  one  rat  in  each 
condition  died  during  the  4th  wk  of  exposure  from  conplica- 
tions  of  the  blood  drawing  procedure,  all  data  analyses 
involved  N  =  7  sham-e>posed  rats  and  N  =  7  exposed  rats. 

A  repeated  measures  analysis  of  variance  on  food  consump¬ 
tion  in  the  exposure  system  revealed  a  significant  source  of 
variation  for  treatments,  F  (1,12)  =  8.21,  p  <  0.025.  Sig¬ 
nificant  sources  of  variation  were  also  found  for  repeated 


Figure  3.  Summary  of  food  consumption  data  and  corre¬ 
lated  body  mass  for  sham-exposed  rats  and  for  rats  exposed 
to  5  mW/cm^,  915-MHz  microwaves  10  hr/night,  7  days/wk  for 
16  wk.  Panel  A  shows  the  exposure  system  food  intake  in 
g/day  plotted  by  14-day  blocks.  The  precipitous  drop  in 
sham-exposure  food  consumption  in  the  7th  block  (day  105) 
was  caused  by  a  failure  in  the  watering  system.  Panel  B 
shows  conplimantary  home  cage  food  intake  in  g/day  by  14-day 
blocks.  Panel  C  shows  the  total  daily  food  intake  for  ex¬ 
posed  and  sham-exposed  rats  over  the  course  of  the  experi¬ 
ment.  Means  are  plotted  in  14-day  blocks  (±  SE) .  Panel  D 
shows  the  body  mass  in  g  for  the  two  groups  of  rats  studied 
(mean  ±  SE) .  Data  were  similarly  plotted  by  14-day  blocks. 
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measures,  F  (7,  84)  =  6.39  p  <  0.05,  and  the  treatment  by 
repeated  measures  interaction  term,  F  (7,  84)  =  4.59 
p  <  0.001,  as  might  be  expected  from  inspection  of  the  func¬ 
tions  in  Figure  4A.  Figure  4B  suggests  that,  in  the  home 
cage,  ej^osed  rats  conpensated  for  some  of  the  reduction  in 
e:5>osure  system  food  intake,  however,  analysis  of  variance 
failed  to  reveal  significanc  treatment  effects,  F  (1, 
12)  =  2.91.  There  was  a  significant  effect  of  repeated  mea¬ 
sures  because  both  groups  increased  food  consumption  in  the 
home  cage  by  1  to  2  g  over  the  course  of  the  experiment,  F 
(7,  84)  =  6.05,  p  <  0.001.  The  interaction  term  was  not 
significant,  F  (7,  84)  =  1.33.  Total  daily  food  consun^tion 
as  a  function  of  time  is  shown  in  Figure  4C.  While  the 
exposed  rats  consumed  less  food  throughout  most  of  the 
e:g)eriment,  the  overall  analysis  of  variance  failed  to  re¬ 
veal  a  significant  effect  of  exposure,  F  (1,  12)  =  2.74. 
Both  groups  increased  food  consumption,  on  the  average,  over 
the  course  of  the  study,  as  was  reflected  in  a  significant 
effect  of  repeated  measures,  F  (7,  84)  =  2.92,  p  <  0.025. 
As  the  functions  in  Figure  4C  suggest,  there  was  also  a  sig¬ 
nificant  interaction  term,  F  (7,  84)  =  4.31,  p  <  0.001. 
Despite  the  fact  that  the  ej^osed  group  consumed  less  food, 
there  was  no  significant  difference  in  body  mass  between  the 
two  groups,  F  (1,  12)  <  1.0  (Figure  4D)  .  The  same  analysis 
did  reveal  a  significant  effect  of  repeated  measures,  F  (7, 
84)  =10.45,  p  <  0.001,  reflecting  normal  growth.  The 
interaction  term  was  not  significant,  F  (7,  84)  <  1.0. 

Figures  3  and  4  suggest  thut  rats  exposed  to  microwave 
energy  reduce  food  intake  during  exposure  and  compensate 
(but  not  completely)  by  increasing  food  consumption  in  the 
home  cage  such  that  there  is  a  net  reduction  in  food  intake 
that  occurs  without  a  correlated  reduction  in  body  mass. 
Despite  the  variability  in  the  data  reported,  and  the  fact 
that  changes  in  baseline  food  consumption  in  home  cage 
versus  exposure  system  often  occur  (Figures  3A  and  3B) , 
reduction  in  food  intake  is  the  most  robust  and  dose- 
dependent  effect  we  have  observed  in  response  to  subchronic 
microwave  exposure. 

In  an  earlier  study  (Moe,  et  al.,  1976),  we  exposed  rats 
to  915-MH2  microwaves  at  10  mW/cm^  (SAR  =  3.6  W/kg)  .  At 
that  dose,  we  observed  an  average  reduction  in  food  intake, 
relative  to  controls,  that  was  about  twice  as  large  as  that 
observed  here  at  5  itiW/cm^.  Similarly,  Lovely,  et  al,  (1977) 
reported  a  reduction  in  food  intake  for  915-MHz  subchronic 
exposures  at  2.5  mW/cm^  (SAR  =  0.9  W/kg)  which  was  about 
half  the  amount  observed  in  the  915-MHz  study  reported  here. 
These  values  are  summarized  in  Figure  5.  The  overall  aver¬ 
age  reduction  in  food  intake  obtained  at  2450-MHz,  incident 
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at  5  mW/cm^,  reported  here  also  appears  in  Figure  5.  It  is 
clear  that  the  915-MHz  dose-response  function  is  a  rather 
good  predictor  of  <-he  reduction  in  food  intake,  during  sub¬ 
chronic  exposure  to  2450-MH2  microwaves. 


0  1  2  3  4  5  6  7 

MEAN  SAR  (W/kg) 


Figure  5.  Svjnmary  of  the  average  food  reduction  by  rats 
exposed  to  915-MHz  microwaves  as  a  function  of  mean  specific 
absorption  rate  (SAR) .  The  values  plotted  represent  overall 
mean  difference  scores  from  the  sham-exposed  rats  tested  in 
the  same  experiment  (see  text) .  The  result  of  the  2450-MHz 
study  reported  here  is  also  plotted  and  is  close  to  the 
value  that  would  be  predicted  from  the  915-MHz  function. 


Figure  4.  Summary  of  food  consumption  data  and  corre¬ 
lated  body  mass  for  sham-ej^osed  rats  and  for  rats  ej^iosed 
to  5  iriW/cm^,  2450-MHz  microwaves  10  hr/night,  7  days/wk  for 
16  wk.  Panels  A,  B  and  C  show  the  ej^osure  system  food  in¬ 
take,  home  cage  food  intake  and  total  daily  food  intake 
plotted  in  14-day  blocks.  Panel  D  shows  che  correlated  body 
mass  in  g  for  the  two  groups  of  rats  studied.  All  values 
are  mean  ±  SE. 


Consequences  of  Exposure  to  Weak  Microwave  Fields 


417 


The  most  parsimonious  explanation  for  the  effects  sum¬ 
marized  in  Figure  5  would  seem  to  be  that  the  exposed  rats 
make  a  metabolic  accommodation  as  a  consequence  of  the 
energy  being  deposited  in  their  tissues.  We  can  think  of  no 
other  explanation  since  exposed  rats  maintain  the  same  body 
mass  as  their  sham-exposed  counterparts.  Since  we  were  not 
prepared  to  assess  oxygen  consunption  or  carbon  dioxide  pro¬ 
duction  during  e:q30sure,  we  are  not  able  to  confirm  or 
negate  our  hypothesis  of  metabolic  accommodation.  Never¬ 
theless,  we  believe  our  interpretation  of  the  data  most 
likely  accounts  for  the  dose-dependent  difference  in  total 
food  consumption  of  the  exposed  and  sham-exposed  rats.  In 
all  of  these  studies,  we  have  carried  out  a  number  of  behav¬ 
ioral  assessments  at  the  end  of  subchronic  exposure  (e.g., 
shuttlebox  avoidance  learning,  open  field  performance,  and 
reactivity  to  ac  electric  foot  shock)  but  we  have  failed  to 
see  consistent  effects  which  differentiated  groups  by  treat¬ 
ment  condition  or  dose  rate.  Similarly,  the  blood  analyses 
we  performed  did  not  produce  consistent  findings  related  to 
ejqjosure.  Small  and  evanescent  changes  occurred  in  such 
blood  parameters  as  hematocrit,  glutathione,  blood  cholines¬ 
terase,  and  serum  sodium.  However,  such  changes  typically 
occurred  once,  were  not  replicated  in  subsequent  studies  and 
appeared  on  a  haphazard  basis  throughout  the  4  mo  of  expo¬ 
sure  and  blood  saitpling.  We  are  inclined  to  dismiss  such 
effects  as  false  positives  in  light  of  the  large  number  of 
parameters  we  have  assessed;  Additionally,  basal  and  ether- 
stress-induced  corticosterone  levels  have  consistently 
failed  to  differentiate  between  treatment  groups.  There¬ 
fore,  reduced  food  consumption  remains  the  one  parameter  we 
consistently  observed  to  be  a  consequence  of  subchronic 
microwave  exposure.  This  finding  can  be  generalized  across 
microwave  frequeincies  and  is  both  reliable  and  predictable. 
We  should  not  be  surprised  that  the  rodent  profits  from  sub¬ 
chronic  exposure  to  microwave  energy  and  that  its  reduced 
energy  needs  are  manifested  by  a  reduction  in  daily  food 
consunption. 


B.  Ejqjosures  of  Gravid  Female  Rats 
(Experiment  II) 

Observation  for  sperm  plugs  proved  to  be  at  least  80% 
efficient  in  detecting  conception.  Se/en  out  of  eight 
female  rats  in  each  treatment  group  came  to  term.  Table  II 
summarizes  food  and  water  intake  for  the  exposed  and  sham- 
exposed  groups  throughout  gestation.  As  in  the  exposures  of 
adult  male  rats,  it  appears  that  total  food  intake  was  less 
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for  the  exposed  than  for  the  sham-exposed  rats,  however  the 
effect  is  not  statistic.dly  significant.  Unlike  the  results 
from  adult  male  rats  tl  is  led  to  a  reduced  increase  in  body 
mass  for  the  exposed  dcims  relative  to  the  sham-exposed  dams 
as  shown  in  Figure  6  (see  inset) .  However,  this  effect  was 
not  significant  (see  Table  TI) . 

Despite  the  fact  that  the  exposed  dams  ate  less  food  and 
gained  less  weight,  there  was  not  a  statistical  difference 
in  the  mean  body  mass  at  birth  of  the  three  groups'  progeny, 
suggesting  that  all  viable  fetuses  were  healthy  at  birth. 
These  data  are  shown  in  Table  III,  together  with  other  data 
bearing  on  litter  viability-  There  were  no  obvious  physical 


ADAPTATION 

DAY  OF  GESTATION 

Figure  6.  Body  mass  (Mean  +  SE)  and  growth  curves  for 
the  gravid  female  rats  ejgjosed  or  sham-exposed  to  500  pW/cm^ 
2450-MHz  microwaves.  Inset  shows  mean  increase  in  body  mass 
for  the  two  groups  of  gravid  rats  as  a  percentage  increase 
from  days  1-3  of  gestation  to  days  17-19  of  gestation. 
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abnormalities  among  tbe  live  pups  of  each  dam,  although 
there  was  a  six-fold  increase  in  neonatal  deaths  in  the 
microwave-exposed  group  relative  to  the  sham-exposed  and 
caged  control  groups  that  occurred  within  the  first  week  of 
life  (p  =  0.13,  Fishers  Exact,  Segal,  1956). 

Table  II.  Maternal  Food  and  Water  Intake  Through 
Gestation  and  Associated  Changes  in  Body  l^ss 


Mean  Increase  (%) 


Exposed 

Sham- 

Exposed 

1- 

P  Value 
(One-Tail) 

Body  Mass  (BM) 

+31.81 

+37.11 

p  <  0.10 

Waveguide  Food  Intake/100 
g  BM 

-1.109 

-0.459 

p  <  0.10 

Home  Cage  Food  Intake/lOO 
g  BM 

+0.550 

+0.357 

Total  Food  Intake/100  g  BM 

-0.556 

-0.090 

NS 

Waveguide  Water  Intcike/100 
g  BM 

-0.206 

+1.059 

p  <0.10 

Home  Cage  Water  Intoke/lOO 
g  BW 

+1.1419 

+0.358 

p  <  0.025 

Total  Water  Intake/100  g  BM 

+1.064 

■r  1.45  3 

NS 

^Value  obtained  by  subtracting  mean  value  for  days  1-3 
from  the  mean  value  for  days  17-19 
t-test,  df  =  12 

nS  =  not  significant;  p  >  0.05 


Body  mass  determinations  of  the  N-pups  on  day  7  of  life 
revealed  significantly  lower  values  for  the  prenatally- 
exposed  pups  relative  to  controls,  both  for  female  progeny, 
F  (2,  82)  =  5.41,  p  <  0.01,  and  for  male  progeny,  F  =  3.17 
(2,  80),  p  <  0.05.  By  day  14,  body  mass  no  longer  differen¬ 
tiated  prenatal  treatment  groups.  However,  we  observed  ap¬ 
parent  differences  in  body  mass  that  began  to  emerge  in 
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young  adult  female  progeny  of  the  exposed  dams,  which  we 
failed  to  see  in  the  male  progeny  of  these  dams.  Further, 
the  effect  appeared  to  occur  in  both  the  female  N-pups  (Fig¬ 
ure  7)  and  in  the  F-pups  (Figure  8) .  A  repeated-measures 
analysis  of  variance  on  the  data  from  N-pups  revealed  that 
although  the  growth  curve  for  the  prenatally  exposed  rats 
was  higher  than  that  for  controls,  no  significant  source  of 
variation  could  be  attributed  to  treatment  conditions,  F  (2, 
42)  =  1.20.  There  was  a  significant  effect  of  repeated 
measures,  as  expected,  F  (13,  546)  -  388.58,  p  <  0.001, 
while  the  interaction  term  was  not  significant,  F  (26, 
546)  =  1.18.  A  similar  analysis  on  the  functions  for  the 
body  mass  of  F-pups  did  reveal  a  significant  treatment  ef¬ 
fect,  F  (1,  12)  =  9.15,  P  <  0.025,  and  an  effect  of  repeated 
mjasures,  F  (7,  84)  =  227.7,  p  <  0.001.  The  interaction 
term  was  not  significant,  F  (7,  84)  <  1.0. 

The  thermoregulatory  tests  showed  that  during  the  post¬ 
natal  exposure  period  (days  4  through  11  of  life) ,  the  pre¬ 
natally  ejqjosed  females  that  were  postnatally  sham-exposed 


2  8  42  56  7  0  8  4  98  112  1  26 
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Figure  7.  Body  mass  (Mean  ±  SE)  and  growth  function  for 
the  female  progeny  of  microv'ave-ejgjosed,  sham-es^osed  and 
caged-control  dams  that  were  left  with  their  natural  mothers 
i . e . ,  N-pups . 
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Figure  8,  Body  mass  (Mean  ±  SE)  and  partial  growth  func¬ 
tion  for  the  female  progeny  that  came  from  ejg)osed  or  sham- 
exposed  rat  dams  and  then  fostered  (F-pups)  to  naive  dams  at 
4  days  of  age  to  continue  exposure  or  shaio-exposure  for  one 
week  of  postnatal  life.  The  above  tunctions  are  resolved 
only  by  plotting  data  as  a  function  of  prenatal  condition. 
Evaluation  of  the  data  by  postnatal  treatment  or  combined 
pre-  and  postnatal  condition  failed  to  produce  different 
body  mass  functions . 


(group  E/S)  sustained  a  greater  reduction  in  surface  tem¬ 
perature  than  did  the  other  foster  groups.  This  difference 
was  only  observed  on  the  last  3  days  of  treatment  (days 
9-11,  Figure  9)  .  A  repeated-measures  analysis  of  variance 
on  the  scores  of  the  females  revealed  a  significant  effect 
of  treatments,  F  (3,  10)  =  10.27,  p  <  0.005.  The  effect  of 
repeated  measures  and  the  interaction  term  were  not  signifi¬ 
cant,  F  (2,  20)  =  3..09,  F  (6,  20)  <  1.0,  respectively.  As 
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the  left  side  of  Figure  9  suggests,  thf:  E/S  group  was  sig¬ 
nificantly  different  (p  <  0.001)  from  the  other  three 
groups,  while  the  latter  were  not  significantly  different 
from  one  another  as  determined  by  t-tests  using  the  pooled 
error  term  from  the  analysis  of  variance.  A  similar  analy¬ 
sis  of  the  scores  of  the  males  failed  to  resolve  differen¬ 
tial  effects  of  treatment,  F  (3,  12)  <  1.0,  or  a  significant 
interaction,  F  (6,  24)  <  1.0.  There  was,  however,  a  sig¬ 
nificant  effect  of  repeated  measures,  F  (2,  24)  =  4.39, 
p  <  0.025.  This  \^as  due  to  a  linear  increase  in  change  of 
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Figure  9.  Change  in  thoracic  skin  temperature  (Mean  ± 
SE)  during  the  last  3  days  of  postnatal  microwave  exposure 
or  sham-exposure  for  2  hr  daily.  Values  represent  tempera¬ 
ture  changes  (°C)  from  time  pup  was  taken  from  dam  to  the 
time  it  was  removed  from  the  waveguide  to  bo  returned  to  the 
dam.  Abbreviations  represent  fostering  code  as  follows; 
E/E  -  prenatally  exposed  to  inicrowave/postnatally  exposed  to 
microwaves,  E/S  -  prenatally  exposed  to  microwaves  and  post- 
natally  sham-exposed,  S/E  -  prenatally  s) am-exposed  and 
postnatally  exposed  to  microwaves,  S/S  -  prenatally  and 
postnatally  sham-exposed. 
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temperature  over  the  last  3  days  of  testing  (about 
0.4  ®C/day)  taken  over  all  groups. 

The  results  of  the  cold-stress  test  are  shown  in  Figure 
10 .  Deep  colonic  temperatures  are  plotted  from  the  time 
that  the  rats  reached  their  peak  colonic  temperature  in  re¬ 
sponse  to  the  combination  of  insertion  of  the  thermistor 
probe,  restraint  in  a  rodent  holder  and  placement  in  the 
5  °C  environment.  The  test  was  scheduled  for  up  to  8  hr,  but 
some  of  the  male  F-pups  became  severely  hypothermic  (e.g. , 
to  33  °C  in  4  hr)  and  had  to  be  removed  prematurely  from  the 
test  environment.  Thus,  the  data  are  presented  and  analyzed 
only  through  the  first  4  hr  of  testing  so  that  data  from  all 
of  the  F-pups  tested  could  he  included  in  the  analysis.  The 
mean  colonic  temperatures  are  plotted  at  half  hour  intervals 
and  were  anal"zed  by  repeated-measures  analysis  of  variance. 


01234  01234 


HOURS  AFTER  PEAK  TIME 

Figure  10.  Colonic  temperature  functions  for  female  and 
male  F-pups  tested  at  approximately  90  days  of  age.  Peak 
time  refers  to  the  highest  temperature  recorded  resulting 
from  insertion  of  colonic  probe,  restraint  and  ,--jtT?'iuent 
cold  stress  and  is  plotted  at  t  =  0.  Mean  (+  SE)  values  are 
plotted  at  half  hr  epochs  through  the  4  hr  following  t  =  0. 


Consequences  of  Exposure  to  Weak  Microwave  Fields 


425 


As  the  left  half  of  Figure  10  suggests  (females)  ,  there  was 
no  significant  source  of  variation  due  to  treatments,  F  (1, 
14)  =  1.10.  Neither  was  the  interaction  term  significant,  F 
(12,  144)  <■  1.0.  The  colonic  temperature  of  all  rats  fell 
over  time,  as  reflected  in  a  significant  effect  of  repeated 
measures,  F  (12,  144)  =  32.44,  p  <  0.001.  The  right  half  of 
Figure  10  shows  the  con5)arable  ten^erature  functions  for  the 
male  F-pups.  A  repeated-measures  analysis  of  variance 
failed  to  reveal  a  significeint  treatment  effect,  F  (1, 
14)  =  1.71,  but  did  identify  significant  sources  of  varia¬ 
tion  due  the  temporal  variable  (repeated  measures)  and  a 
significant  treatment  by  trials  interaction  reflecting  the 
differential  rate  of  heat  loss  in  the  prenatally  exposed 
male  F-pup  adults,  F  (8,  112)  =  19.22,  p  <  0.001,  and  F  (8, 
112)  =  3.20,  p  <  0.005,  respectively. 

In  summary,  prenatal  exposure  to  2450-MHz  microwaves  at 
500  yW/cm^  produced  no  discernible  physical  birth  defects  or 
difference  in  body  mass  at  birth  relative  to  the  two  control 
groups.  However,  male  and  female  progeny  of  exposed  dams 
had  smaller  body  masses  at  the  end  of  1  wk  of  life  relative 
to  controls.  Female  progeny  e:5)osed  prenatally  and  fostered 
on  day  4  of  life  had  greater  changes  in  skin  temperature 
when  taken  from  their  foster  iixsthers  2  hr/day  for  postnatal 
sham-exposure  while  other  fostered  groups  had  no  such  dif¬ 
ficulty.  As  young  adults,  and  later  in  life,  female  rats 
exposed  prenatally  developed  greater  body  mass  than  female 
rats  comprising  groups  of  control  progeny.  While  male 
progeny  exposed  prenatally  could  not  be  differentiated  from 
the  control  groups  on  these  parameters  they  were  different 
in  their  ability  to  retain  core  heat  in  a  4  hr  cold  stress 
test.  For  Ihis  last  test,  however,  prenatally-exposed 
females  maintained  core  tenperature  relative  to  the  female 
rats  of  the  sham-exposed  control  group.  Thus,  other  than 
body  mass  at  7  days  of  age  the  various  effects  of  prenatal 
microwave  exposure  appear  to  be  specific  to  one  sex  or  the 
other  depending  on  the  parameter  assessed. 

The  diversity  of  observed  effects  resulting  from  prenatal 
microwave  ejposure  are  worthy  of  several  comments.  First, 
in  any  developmental  study  that  allows  the  pups  of  the  ex¬ 
perimental  dam  to  come  to  term,  cnere  is  the  possibility 
that  any  effects  observed  may  be  due  to  residual  or  pro¬ 
active  treatment  effects  on  the  dam  which  cause  her  to 
engage  in  abnormal  postnatal  mothering.  We  are  inclined  to 
dismiss  this  as  an  explanation  for  the  effects  reported  here 
because  of  the  partial  fostering  design  enployed.  For  exam¬ 
ple,  female  progeny  showed  increased  body  mass  whether  they 
were  fostered  or  left  with  their  natural  mothers.  Further, 
the  partial  fostering  design  had  four  treatment  conditions. 
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but  the  data  analysis  showed  that  the  prenatal  treatment 
condition  accounted  for  the  effects  observed.  The  one  ex¬ 
ception  to  this  generalization  was  the  reduced  surface  skin 
temperature  seen  during  the  week  of  postnatal  microwave 
exposure  (Figure  9)  where  the  E/S  females  sustained  greater 
temperature  reductions  over  2  hr  than  the  other  three 
groups.  However,  their  prenatal  female  counterparts,  the 
E/E  group,  were  exposed  to  microwaves  during  the  same  2-hr 
period  so  that  the  post-exposure  skin  temperature  measure¬ 
ments  on  the  E/E  progeny  may  only  reflect  microwave  heating 
that  offsets  potential  skin  tenperature  change.  Thus,  we 
believe  the  effects  reported  here  are  due  solely  to  the  pre¬ 
natal  microwave  exposure. 

A  second  major  comment  relates  to  dosimetry.  At  first 
blush  it  was  difficult  for  us  to  accept  the  reported  effects 
of  treatment  as  a  product  of  a  0.3  W/kg  SAR.  However,  this 
value  represents  a  whole-body  average  for  the  dam.  We  have 
no  estimate  of  the  energy  distribution  within  the  dam' s 
body,  but  it  is  not  unlikely  that  there  could  be  hot  spots 
in  the  region  of  the  uterus  given  the  differential  fluid 
volume  at  that  locus  due  to  constant  placental  perfusion  and 
the  presence  of  amniotic  fluid.  Thus,  we  do  not  know  the 
actual  dose  to  the  neonate,  nor  do  we  know  to  what  degree 
the  neonatal  dose,  the  maternal  dose  or  both  caused  the 
functional  alterations  observed.  It  is  quite  possible  that 
there  are  as  many  causes,  and  thus  doses,  as  there  were 
observed  effects. 

The  issue  of  dose  distribution  is  an  important  one  and 
could  well  explain  why  prenatal  exposure  to  low  levels  of 
microwave  energy  appear  to  lead  to  frequency-specific 
effects.  For  example,  Johnson,  et  al.  (1978)  used  a  design 
similar  to  that  reported  here  to  expose  gravid  female  rats 
to  5  raW/cm^  918-MHz  microwaves  for  the  first  19  days  of  ges¬ 
tation.  They  found  that  exposed  dams  increased  food  con¬ 
sumption  (whereas  ours  decreased  food  consumption)  and  that 
the  progeny  of  exposed  dams  weighed  more  at  birth  than  did 
those  of  the  sham-exposed  (whereas  we  found  no  differences 
in  birthweight) .  They  also  found  more  rapid  development 
(i.e.,  date  of  eye  opening)  in  the  exposed  progeny  relative 
to  the  sham- exposed.  In  our  study  we  found  that  the  eye¬ 
opening  response  was  retarded  by  about  36  hr.  That  fre¬ 
quency,  and  not  microwave  power  density,  may  be  the  basis 
for  the  difference  in  findings  is  supported  by  the  work  of 
Shore,  et  al.  (1977).  They  also  exposed  gravid  female  rats 
to  2450-MHz  microwaves  ■•'c  5  mW/cm^  from  day  3  to  day  19  of 
gestation,  and  found  that,  depending  on  orientation  relative 
to  the  electric  field,  progeny  of  the  exposed  rats  had  lower 
body  mass  through  the  first  week  of  life.  Although  we 
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observed  a  reduced  body  mass  only  for  progeny  between  the 
first  and  second  week  of  life,  our  data  are  more  consistent 
with  the  data  of  Shore,  et  ai.  than  with  those  of  the 
Johnson,  et  ai.  study.  Shore,  et  ai  also  observed  increased 
postnatal  mortality  in  the  progeny  of  microwave-e^^osed 
dams. 

We  have  discussed  at  length  the  issues  of  frequency  and 
dose  distribution  because  we  believe  that  it  would  be  pre¬ 
mature  and  speculative  to  suggest  causation  for  our  obser¬ 
vations  and  a  rigid  interpretation  of  the  findings  of  the 
prenatal  microwave  exposure  study  reported  here.  Rather,  we 
hope  the  data  reported  here  serve  as  an  impetus  for  further 
research  which  relates  measured  effects  to  precise  descrip¬ 
tions  of  dose  distribution  and  frequency.  Within  this 
framework,  our  data  indicate  that  it  would  be  most  profit¬ 
able  to  concentrate  on  those  parameters  which  reflect  the 
functional,  integrity  of  metabolic  accommodation  and  thermo¬ 
regulatory  processes  in  response  to  in-utero  microwave 
exposure . 


I  IV.  SUMMARY 


J 


We  report  here  a  number  of  subtle  consequences  of  expo¬ 
sure  to  weak  microwave  fields.  In  Experiment  lA  and  IB, 
exposure  to  microwaves  for  10  hr/night  caused  rats  to  reduce 
their  total  food  intake  relative  to  sham-exposed  controls. 
The  effect  is  robust,  dose-dependent  and  generalizeable 
across  at  least  two  microwave  frequencies.  In  contrast  to 
this  finding,  we  have  not  been  able  to  identify  other 
behavioral  or  physiological  effects  of  subchronic  exposure 
to  microwaves  that  are  as  robust  and  repliccd^le  in  nature. 
In  Ejq)eriment  II,  it  was  found  that  exposure  of  gravid 
female  rats  to  microwaves  for  2U  hr/day  through  nineteen 
days  of  gestation  caused  the  progeny  to  have  a  number  of 
postnatal  functional  alterations  relative  to  the  progeny  of 
pregnant  rats  that  were  either  sham-exposed  or  served  as 
caged  controls.  The  alterations  observed  were,  in  most 
cases,  sex-specific.  However,  they  were  similar  in  nature 
and  they  related  to  changes  in  thermoregulatory  capability 
and  changes  in  neonatal  and  adult  body  mass.  In  both  Exper¬ 
iment  I  and  II  we  did  not  observe  changes  in  core  tempera¬ 
ture  as  a  consequence  of  subchronic  exposure  to  microwaves. 
However,  this  should  not  lead  the  reader  to  conclude  that 
the  effects  reported  are  non-thermal  in  nature.  Labeling 
the  effects  as  non-thermal  or  athermal  would  be  semantic 
folly  because  when  microwave  energy  is  deposited  in  tissues 
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the  mechanics  of  energy  transfer  will  create  heat.  Rather, 
the  metabolic  and  thermoregulatory  accommodations  made  were 
quite  effective  at  precluding  +AT  (®C)  as  a  result  of  sub- 
chronic  exposure  to  microwaves.  The  "costs",  however,  of 
making  these  accommodations  on  a  long-term  basis  are  sig¬ 
nificant  as  born  out  by  the  data  reported  here. 
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I.  INTRODUCTION 


Heating  by  radio frequency  (RF)  radiation  at  high  inten¬ 
sities  can  cause  biological  changes  by  whole  body  hyper¬ 
thermia  or  by  altered  thermal  gradients  within  the  body 
(Johnson  and  Guy,  1972) .  However,  there  have  been  reports 
of  effects,  such  as  on  the  reproductive,  immunologic,  neuro¬ 
endocrine  and  nervous  systems  of  experimental  animals,  at 
low  intensities  of  RF  radiation  without  evidence  of  in¬ 
creased  body  temperature  (Baranski  and  Czerski,  1976) .  Over 
the  years,  there  has  been  considerable  controversy  con¬ 
cerning  the  potential  for  RF  radiation  to  cause  various 
biological  effects  in  experimental  animals  in  the  absence  of 
detectable  increases  in  body  or  tissue  temperature.  In  many 
instances,  the  effects  produced  by  RF  radiation  have  been 
attributed  to  direct  interactions  (i.e.,  athermal  or  field- 
specific)  unrelated  to  any  detectable  temperature  change  in 
the  biological  specimen.  We  have  been  particularly 
interested  in  attempting  to  interpret  the  many  studies  that 
report  RF  radiation- induced  effects  on  the  immune  system  of 
exposed  animals  in  the  absence  of  a  colonic  temperature 
increase  (Smialowicz,  1979).  To  this  end  studies  were 
undertaken  to  determine  if  subtle  heating  by  RF  radiation  at 
low  power  densities  (^1  mW/cm^)  might  be  detectable  in 
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animals  whose  thermoregulatory  response  was  compromised. 

In  earlier  work,  Stern,  et  al.  (1979)  and  Adair  and  Adams 
(1980) ,  using  techniques  to  assess  behavioral  and  physio¬ 
logical  thermoregulatory  responses,  demonstrated  that 
animals  would  respond  to  RF  radiation  by  selecting  less 
infrared  heat  or  by  initiating  peripheral  vasodilation 
respectively  when  placed  in  a  cool  envi  ronment  at  power 
densities  below  20  mW/cm^.  Putthoff,  et  al.  (1977)  showed 
increases  in  the  core  tenperature  of  rats  made  hypothermic 
with  cortisone  and  then  exposed  to  RF  radiation  at  a  dose 
rate  of  approximately  40  W/kg.  These  results  indicate  that 
animals  in  which  normal  thermoregulatory  responses  are  com¬ 
promised  by  drugs  or  animals  in  which  individual  thermo¬ 
regulatory  responses  are  measured  in  cool  environments  may 
be  sensitive  models  for  the  detection  of  subtle  RF-induced 
heating. 

To  further  examine  this  hypothesis,  two  agents  were  used 
to  compromise  the  thermoregulatory  response  of  rodents. 
Lipopolysaccharide  (LPS)  or  endotoxin  from  Gram-negative 
bacteria  was  used  in  rats  and  5-hydroxj'tryptamine  (5-HT)  was 
used  in  mice.  LPS  induces  a  febrile  response  in  man  and 
several  other  species;  however,  rats,  mice  and  guinea  pigs 
injected  with  LPS  and  held  in  a  cool  (22  ®C)  environment 
develop  hypothermia  (Feldberg  and  Saxena,  1975) .  Likewise, 
mice  injected  with  5-HT,  which  are  held  in  a  cool  (22  °C) 
environment,  develop  a  hypothermia  in  a  matter  of  mi.nutes 
(Dooley  and  Quock,  1976) .  Impairment  of  thermoregulation  by 
endotoxin  in  the  rat  and  5-HT  in  the  mouse  in  those  studies 
allowed  us  to  detect  subtle  whole  body  heating  by  fi’  radia¬ 
tion  at  a  power  density  (1  mW/cm^)  heretofore  considered  to 
be  nonthermogen ic. 


II.  METHODS 


The  methods  employed  have  been  reported  previously 
(Sniialowicz,  et  al.,  1980,  1981a).  Unless  stated  otherwise, 
e;q)erimentally  naive  young  adult  rats  and  mice  were  used 
once  and  then  killed  after  several  days  of  observation. 
Rats  were  injected  intravenously  with  a  single  dose  of 
Salmonella  typhimuriun  LPS  (100  yg/kg)  and  mice  intraperi- 
toneally  wirh  a  single  dose  of  5-HT  creatine  sulfate  complex 
(20  mg/kg)  in  a  volume  of  0,2  ml.  These  agents  render  the 
animals  hypothermic  vhen  they  are  maintained  at  a  cool 
ambient  temperature  of  22  °C.  Control  animals  were  injected 
with  an  equal  volume  of  pyrogen-free  saline.  In  prelimi¬ 
nary  studies  it  was  found  that  LPS  was  more  effective  in 
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producing  hypothermia  in  rats  than  in  mice  where  a  great 
deal  of  variability  in  response  was  observed.  The  opposite 
was  found  with  5-HT-induced  hypothermia  in  which  mice 
responded  better  than  rats. 

iimnediately  following  injection,  individual  rats  were 
placed  in  perforated  acrylic  restrainers  and  mice  were 
placed  in  perforated  polycarbonate  boxes.  The  restrained 
rats  were  positioned  with  their  long  cixis  oriented  parallel 
to  the  H-field  vector.  The  mice  had  freedom  of  movement  in 
the  boxes  and  their  orientation  in  the  field  was  random. 
Four  such  animals  were  then  placed  each  in  one  of  four 
positions  of  a  diamond-shaped  array  in  an  environmentally 
controlled  exposure  chamber  which  was  positioned  beneath  a 
10-db-gain  pyramidal  horn  antenna  in  the  far  field.  The 
exposure  chamber  was  confined  in  an  anechoic  chamber.  The 
animals  were  then  exposed  to  fields  generated  by  a  Varian 
Model  PPS-2.5  AS  industrial  heating  unit  at  a  frequency  of 
2450  MHz  in  a  continuous -wave  mode  (Smialowicz,  et  al., 
1980)  .  Rats  were  exposed  for  90  min  and  mice  for  15  min. 
Species-,  strain-  and  age-matched  IPS-  or  5-HT-injected 
animals  were  positioned  in  a  similar  array  in  a  sham- 
irradiation  chamber  located  outside  of  the  anechoic  chamber. 
A  common  environmental  control  for  the  RF  exposure  and 
sham- irradiation  chambers  permitted  regulation  of  the 
temperature  and  humidity,  unless  stated  otherwise,  at  22  ± 
0.5  °C  and  50  ±  10%,  with  an  air  flow  of  4.3  ra^/min. 

Power  density  was  determined  using  an  E- field  dipole 
probe  in  the  absence  of  animals  and  containers  at  the  four 
positions.  Measurements  were  also  made  at  positions  with 
the  other  three  occupied  by  water  loads  or  animals.  The 
specific  absorption  rate  (SAR)  was  determined  by  twin-well 
calorimetry  (Kinn,  1977) .  Briefly,  an  irradiated  carcass 
and  an  unirradiated  control  of  equal  mass  were  each  placed 
in  the  wells  of  a  colorimeter  and  a  strip  chart  recording 
was  made  as  the  calorimeter  returned  to  equilibrium.  The 
area  under  the  curve  of  equilibrium  was  calculated  and  con¬ 
verted  to  energy  absorbed  by  the  carcass  with  the  SAR 
determined  frcm  the  animal's  mass. 

Prior  to  the  injection  of  IPS  or  5-HT  and  immediately 
following  eiqjosure  to  RF  radiation,  the  colonic  temperature 
of  each  animal  was  measured  with  a  Model  520  YSI  (Yellow 
Spo-ings  Instrument  Co.,  Yellow  Springs,  Ohio)  thermistor 
probe  inserted  2.5  cm  beyond  the  anal  sphincter  in  mice  and 
with  a  Model  401  thermistor  probe  inserted  8.0  cm  beyond  the 
anal  sphincter  in  rats.  Colonic  temperatures  were  read  to 
an  accuracy  of  0.1  °C  from  a  YSI  Model  46  telethermometer. 
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III.  RESULTS 


A.  Detection  of  RF  Heating  in  Rats 

The  time-dependent  colonic  temperature  response  of  non- 
irradiated  rats  injected  with  100  yg/kg  LPS  and  maintained 
at  an  ambient  temperature  of  22  “C  and  relative  humidity  of 
50%  is  shown  in  Figure  1.  Under  these  conditions  the  maxi¬ 
mal  hypothermic  response  occurred  approximately  90  minutes 
following  injection.  Colonic  temperatures  returned  to 
normal  after  3-4  hours.  One  hundred  yg/kg  of  LPS  per  rat  is 
well  below  the  LDcn  mg/kg  (Smialowicz,  et  al.,  19801, 
Since  the  nadir  or  the  hypothermic  response  of  rats  LPS 
occurred  at  90  minutes  post-injection,  subsequent  experi¬ 
ments  with  RF  radiation  were  conducted  for  this  length  of 
time. 


Figure  1.  Time-dependent  colonic  tenperature  response  to 
endotoxin  100  yg/kg  and  saline  of  rats  held  at  T  =22  ®C 
(Smialowicz,  et  al.,  1980.  Reproduced  by  permission  of  Alan 
R.  Liss.) 
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In  a  series  of  exposures  to  2450  MHz  radiation  at  dif¬ 
ferent  power  densities  (1,  5,  and  10  irW/cm^)  ,  an  increase  in 
the  colonic  teitperature  of  LPS-injected  rats  was  observed  to 
be  related  to  an  increase  in  power  density  (Figure  2)  .  At 
each  power  density,  the  mean  colonic  temperature  was  signif¬ 
icantly  greater  (P  <  0.05,  Dunnett's  t-test)  than  that  of 
LPS-injected,  sham-irradiated  rats  (plotted  at  a  power 
density  of  0  in  the  figure) .  The  specific  absorption  rate 
(SAR)  for  rats  in  this  study  was  approximately  0.2 
(W/kg) /(mW/cm^)  .  This  SAR  value  was  obtained  by  the  method 
of  twin-well  calorimetry  and  has  been  reported  by  Kinn 
(1977)  and  Smialowicz,  et  al.  (1979a) . 


POWER  DENSITY  (mw/cm^) 


Figure  2.  The  effect  of  90  minutes  radiofrequency  ir¬ 
radiation  on  endotoxin- induced  hypothermia  in  rats.  (Smia¬ 
lowicz,  et  ai.,  1980.  Reproduced  by  permission  of  Alan  R. 
Liss.) 
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Pats  injected  with  pyrogen-free  saline  and  exposed  for 
90-ininutes  at  an  average  power  density  of  5  mW/cn^  did  not 
show  a  significant  increase  in  colonic  tenperature  compared 
with  saline-injected,  sham-irradiated  controls  (Figure  2) . 
A  statistically  significant  difference  (P  <  0.05,  Student's 
t-test)  was  observed  in  the  colonic  temperature  of  saline- 
injected  rats  exposed  at  10  mW/cm^,  relative  to  sarine- 
injected,  sham-irradiated  controls. 

In  another  experiment,  the  effects  of  procedural  acclima¬ 
tization  on  the  response  to  RF  radiation  was  examined.  Two 
groups  of  rats  were  acclimated  to  handling  procedures  for 
two  weeks  prior  to  LPS  injection  and  RF  radiation  exposure. 
Figure  2  shows  that  when  these  rats  were  irradiated  with 
2450  MHz  RF  radiation  at  0.5  mW/cm^  their  mean  colonic  tem¬ 
perature  was  0.6  “C  higher  than  sham-irradiated  LPS-injected 
rats,  although  this  difference  was  not  significant.  These 
results  suggest  that  rats  which  are  appropriately  acclimated 
to  handling  and  then  made  hypothermic  with  LPS  may  serve  as 
an  even  more  sensitive  model  than  naive  rats  for  detection 
of  RF-induced  heating. 

The  effect  of  ambient  temperature  alone  on  the  magnitude 
of  endotoxin-induced  hypothermia  is  shown  in  Figure  3.  In 
this  experiment  naive  rats  were  injected  with  LPS 
(100  pg/kg) ,  placed  in  restrainers  and  held  at  ambient  tem¬ 
peratures  ranging  from  18  to  34  ®C  and  at  a  relative 
humidity  of  50%.  Ninety  minutes  after  LPS  injection,  the 
colonic  temperature  was  measured.  The  colonic  temperature 
of  LPS-injected  rats  after  90  minutes  depended  on  the 
ambient  tenperature  at  which  the  animal  was  held.  Only  when 
the  ambient  temperature  exceeded  30  ®C,  which  is  at  the 
upper  limit  of  the  thermoneutral  zone  for  the  rat,  was  the 
colonic  temperature  of  LPS-induced  hypothermic  rats  signifi¬ 
cantly  greater  than  saline-injected  rat.s  held  at  22  °C. 


B.  Detection  of  RF  Heating  in  Mice 

The  time-dependent  hypothermic  response  of  non-irradiated 
BALB/C  mice  to  5-HT  at  22  °C  and  50%  humidity  is  shown  j.n 
Figure  4.  The  nadir  of  body  temperature  of  mice  treated 
with  5-HT  occurred  approximately  15  min  following  injection. 
A  similar  response  was  observed  with  CBA/J  mice.  Colonic 
temperature  returned  to  normal  within  90  minutes.  On  the 
basis  of  these  data,  mice  were  e:^osed  to  RF  radiation 
during  the  first  15  min  folrowing  5-HT  injection. 

Table  1  shows  the  colonic  temperature  response  of  5-HT 
Injected  mice  exposed  to  2450  MHz  RF  radiation  at  several 
power  densities.  Two  strains  of  mice  were  studied,  male 
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AMBIENT  TEMPERATURE  {“C! 

Figure  3.  The  effect  of  ambient  temperature  on  colonic 
temperature  of  rats  90  minutes  after  injection  of  endotoxin 
(100  ug/kg)  or  saline.  (Smialowicz,  et  a.Z . ,  1980.  Repro¬ 
duced  by  permission  of  i^lc  i  R.  Liss.) 


CBA/J  and  female  BALB/C  mice.  These  two  strains  were  used 
because  of  our  work  with  these  mice  in  assessing  the  immuno¬ 
logic  effects  of  RF  radiation  (Smj.alowicz,  et  al.,  1979b, 
Smialowicz,  et  al.,  1981b,  and  Riddle,  et  al.,  1982).  The 
mice  were  maintained  in  an  environment  at  22  °C,  50%  rela¬ 
tive  humidity  with  an  air  flow  at  4.3  m^/min  during  irra¬ 
diation.  Significant  (P  0.05,  Student's  t-test)  increases 
in  the  colonic  temperature  of  5-HT  treated  BALB/C  mice  were 
observed  at  10,  5  and  1  irVJ/cm*^  conpared  with  5-HT  treated 
sham-irradiated  mice .  CBA/J  mice  irradiated  at  10  and  5 
mW/cm^  also  showed  significantly  (P  <  0.05)  higher  colonic 
tenperatures  compared  with  their  sham-irradiated  controls. 
At  1  nM/cm^,  5-HT  treated  CBA/J  mice  had  higher  colonic 
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Table  EFFECT  OF  2450  MHz  RADIOFREQUENCY  RADIATION  ON  COLONIC 
TEMPERATURE  OF  5  HYDROXYTRYPTAMINE  INDUCED  HYPOTHERMIC  MICE 


MEAN  COLONIC  TEMPERATURE  (°C)  i  SE 


STRAIN 

TREATMENT 

POWER  DENSITY 
(mw/cm  ) 

SHAM* 

IRRADIATED 

P 

BALB/C 

5-HT 

1 

34.3  ±  0.1 

34.8  0.1 

<0.05 

5 

34.8  t  0.1 

36.7  ±  0.1 

<0.01 

10 

34.5  *  0.2 

36.5  ±  0.2 

<0.01 

SALINE 

10 

38.5  ±  0.1 

38.7  ±  0.1 

N.S. 

CBA/J 

5-HT 

0.5 

34.2  f  0.3 

34.7  ±  0.2 

N.S. 

1 

34.5  ±  0.2 

35.0+0.2 

0.051 

5 

34.4  ±  0.2 

35.6  ±  0.2 

<0.01 

10 

34.7  ±  0.2 

36.3  J  0  3 

<0.01 

SALINE 

10 

37.6  t  0.2 

37.7  i  0.1 

N.S. 

*EiGHT  TO  TWELVE  MICE  AT  EACH  POWER  DENSITY. 

Table  1.  Colonic  Temperature  Response  of  Mice  Injected 
with  either  Saline  or  5-Hydroxy tryptainine  C20  mg/kg) 
to  2450  MHz  Radiofrequency  Radiation.  (Smialowicz, 
et  ai.,  1981a.  Reproduced  by  permission 
of  Academic  Press.) 


temperatures  than  shams,  although  this  difference  was  not 
significant.  Saline-injected  BALB/C  or  CBA/J  mice  irra¬ 
diated  at  10  mW/cm^  showed  no  significant  increase  in 
colonic  temperature  compared  with  saline-injected  sham- 
irradiated  mice.  The  SAR  for  mice  in  this  study  was 
approximately  0.7  (W/kg) /mW/cm^)  .  This  value  was  obtained 
by  the  method  of  twin-well  calorimetry  (Smialowicz,  et  ai . , 
1979b) . 

The  effect  of  ambient  tenperature  on  the  hypothermic 
response  of  5-HT- treated  CBA/J  mice  is  shown  in  Figure  5. 
Experimentally  naive  mice  were  injected  with  5-HT 
(20  mg/kg)  ,  placed  in  perforated  boxes  and  held  at  ambient 
temperatures  ranging  from  18  to  34  °C  and  at  a  relative 
humidity  of  50%.  Fifteen  minutes  after  5-HT  injection,  the 
colonic  temperature  was  measured.  Colonic  tenperature 
increased  linearly  with  increasing  ambient  temperature. 
Even  at  an  ambient  temperature  of  34  °C,  the  hypothermic 
effect  of  5-HT  was  still  evident. 
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Figure  5.  The  effect  of  ambient  temperature  on  colonic 
temperature  of  CBA/l  mice  15  minutes  after  injection  of 
5-hydroxytryptamine  (20  mg/kg)  or  saline.  (Smialowicz,  et 
al.,  1981a.  Reproduced  by  permission  of  Academic  Press.) 


IV.  DISCUSSION 

^sults  demonstrate^ that  RF  heating  once  thought  to 
be  undetectable  can  be  detected  in  rats  whose  normal  thermo¬ 
regulation  was  iitpaired  by  LPS  and  in  mice  whose  normal 
thermoregulation  was  impaired  by  5-HT  at  power  densities 
heretofore  considered  to  be  nonthermogenic.  Significantly 
higher  colonic  temperatures  in  hypothermic  rats  and  mice 
compared  with  saline-injected  animals  were  measured  at  SARs 
of  0.2  W/kg  and  0.7  W/kg  respectively.  By  acclimating  test 
animals  to  handling  procedures,  the  detectability  of  tenper- 
ature  increases  in  hypothesnnic  rats  was  increased,  although 
not  significantly.  These  results  suggest  that  acclimation 
of  animals  to  handling  procedures  may  reduce  some  of  the 
variability  observed  in  non-habituated  LPS- injected  rats  and 
5-HT-injected  mice  and  increase  the  :nsitivity  of  these 
hypothermia  models  for  detecting  sui^-le  thermogenesis  by 
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low-level  RF  radiation.' — 

The  rat,  unlike  other  species,  exhibits  a  decreased  body 
temperature  following  intravenous  injection  of  endotoxin. 

The  absence  of  a  rise  in  body  tenperature  in  rats  following 
endotoxin  treatment  is  believed  to  be  due  to  a  high  rate  of 
heat  loss  in  these  animals.  This  response  may  be  a  conse¬ 
quence  of  a  reduction  in  insulation  during  shivering  in  the 
rat,  which  has  a  large  body  surface  area  to  mass  ratio 
(Bligh,  1973) .  Ambient  tenperature  plays  a  critical  role  in 
this  response  to  endotoxin;  at  tenperatures  above  thermal 
neutrality,  endotoxin- treated  rats  respond  with  a  typical 
biphasic  febrile  response  (Szekely  and  Szelenyi,  1979). 

The  systemic  administration  of  5-HT  produces  a  dose- 
related  decrease  in  body  temperature  of  rats  exposed  to 
environmental  tenperatures  below  the  thermoneutral  point 
(Winter,  1971) .  It  is  believed  that  5-HT  hypothermia  is 
mediated  via  peripheral  mechcinisms  because  systemically 
administered  5-HT  does  not  cross  the  blood-brain  barrier 
(Underfriend,  et  al.,  1957;  Carter  and  Leander,  1980).  The 
degree  and  direction  of  the  change  in  body  temperature 
induced  by  5-HT  has  been  shown  to  be  a  function  of  the 
ambient  tenperature  employed  and  has  been  characterized  as  a 
poikilo thermic  response  (Shemano  and  Nickerson,  1958) .  The 
exact  mechanism  by  which  5-HT  induces  hypothermia  is  not 
knowTx.  It  has  been  postulated  that  5-HT  acts  peripherally 
resulting  in  changes  in  cardiovascular  and/or  respiratory 
function  or  may  act  by  depressing  general  activity  (Myers 
and  Waller,  1977) . 

The  colonic  tenperature  increase  in  LPS-injected  rats 
induced  by  RF  radiation  was  found  to  be  dependent  on  the 
power  density  at  which  the  animals  were  exposed  just  as  it 
was  found  to  be  dependent  on  ambient  temperature.  A  similar 
response  was  observed  in  5-HT-injected  mice.  No  significant 
increase  in  the  colonic  tenperature  of  rats  or  mice  injected 
with  saline  and  irradiated  at  5  mW/cm^  was  observed  compared 
with  sham-irradiated  saline-injected  animals.  These  data 
indicate  that  the  increase  in  colonic  tenperature  in  LPS- 
injected  rats  and  5-HT-injected  mice  exposed  to  RF  radiation 
was  due  to  the  thermalizing  energy  of  this  radiation. 

These  results  indicate  that  small  doses  of  thermalizing 
energy  from  low- intensity  (SAR  ^  1  W/kg)  RF  radiation  are 
detectable  as  significant  increases  in  colonic  tenperature. 

In  normal  rats  and  mice  (saline- injected)  ,  the  themali-  ; 

zation  by  RF  radiation  at  these  low  intensities  may  be  com-  I 

pensated  for  by  an  increase  in  the  rate  of  heat  loss.  This 
compensatory  heat  loss  may  then  be  exceeded  when  animals  are 
irradiated  at  higher  intensities,  as  evidence  by  a  signifi¬ 
cant  increase  in  the  colonic  tenperature  of  saline-injected 
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rats  exposed  at  10  mW/cra^  (Figure  2) . 

A  re-evaluation  of  the  literature  on  RF  radiation- induced 
biological  effects,  particularly  effects  on  the  immune 
system,  is  indicated  by  these  studies.  More  prudent  assess¬ 
ment  of  claims  for  "nonthermal"  (i.e.,  absence  of  measurable 
elevation  of  tissue  or  body  temperature)  RF-induced  bio¬ 
logical  effects  is  needed,  with  consideration  or  the  thermo¬ 
genic  potential  of  RT  radiation  as  a  cause  for  changes  in 
biological  responses. 
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I.  INTRODUCTION 


Previous  studies  have  demonstrated  the  existence  of  an 
adrenocortical  response  to  acute  microwave  exposure  in  rats 
and  rhesus  monkeys  (Lotz  and  Michaelson,  1978;  Lu,  et  al., 
1980a;  Lotz  and  Podgorski,  1982) .  The  adrenal  response  was 
observed  only  during  exposures  to  a  power  density  that  was 
greater  than  a  threshold  power  density  required  to  cause  a 
rectal  temperature  increase  greater  than  1.5  °C.  In  the 
rat,  exposures  to  intensities  greater  than  this  threshold 
caused  additional  increases  in  both  rectal  temperature  and 
circulating  corticosterone  levels.  The  dose-response  curve 
for  the  rhesus  monkey  was  not  evaluated  with  multiple  expo¬ 
sure  intensities  above  the  threshold  for  adrenocortical 
response,  but  corticosterone  levels  in  the  rat  were  strongly 
correlated  with  body  temperature  above  this  threshold  such 
that  the  more  the  rise  in  body  temperature  exceeded  1.5  ®C, 
the  greater  was  the  increase  in  corticosterone  levels.  The 
adrenal  response  was  also  similar  in  character  and  mechanism 
to  the  nonspecific  adrenocortical  "stress"  response  that  has 
been  associated  with  many  environmental  stimuli  (Lu,  et  al. , 
1980b) .  The  earlier  experiments  with  monkeys  were  conducted 
with  a  24-h  experimental  protocol  that  was  designed  to  look 
for  persistent  or  delayed  effects  of  e;^osure,  including 
those  that  might  involve  the  known  circadian  rhythms  in 
these  parameters.  However,  no  delayed  or  persistent  effects 
of  this  type  were  noted.  Because  the  overall  response  of 
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the  pituitary-adrenal  axis  to  stress  has  been  reported  to 
have  a  diurnal  variation  (Gibbs,  1970;  Engeland,  et  al., 
1977) ,  and  because  diurnal  variations  have  also  been  shown 
in  the  sensitivity  of  different  levels  of  the  axis  to  spe¬ 
cific  controlling  hormones  (Kaneko,  et  al.,  1980),  this 
study  was  designed  to  compare  the  effects  of  identical 
microwave  exposures  carried  out  at  two  different  phases  of 
the  circadian  cycle  on  body  temperature  and  circulating  cor¬ 
tisol  levels  of  the  rhesus  monkey.  Rectal  temperature 
increases  during  8-h  microwave  e:q>osures  were  virtually 
identical  for  both  day  and  night  e;5)osures  even  though  sham 
and  exposed  absolute  temperatures  were  substantially  lower 
at  night  due  to  the  normal  circadian  rhythm  of  body  temper¬ 
atures.  However,  the  marked  increase  In  circulating  corti¬ 
sol  levels  that  was  observed  during  the  day  exposures  to  38 
mW/cm^  was  completely  absent  during  the  night  exposures. 
The  absence  of  a  cortisol  response  during  the  night  expo¬ 
sures  may  be  simply  related  to  the  absolute  body  temperature 
reached,  although  more  complex  circadian  influences  cannot 
be  ruled  out  by  these  data. 


II.  MATERIALS  AND  METHODS 


A.  Animals 

Six  male  rhesus  monkeys  {Macaca  mulatta,  6  to  10  kg)  were 
used  in  these  experiments.  These  animals  were  normally 
housed  individually  in  standard  metal  primate  cages  and  were 
maintained  on  a  diet  of  Wayne  Monkey  Chow  (Allied  Mills, 
Inc. ,  Chicago  IL)  supplemented  with  fresh  fruit.  The  illu¬ 
mination  in  both  the  normal  housing  room  and  the  experimen¬ 
tal  chamber  was  on  a  16:8  light/dark  cycle  with  lights  on 
from  0600-2200.  Animals  were  provided  water  ad  libitum 
throughout  the  experiment.  Prior  to  use  in  this  study,  the 
monkeys  had  been  conditioned  to  prolonged  restraint  (up  to 
42  h)  in  a  foamed  polystyrene  (Styrofoam)  restraint  chair 
and  had  had  an  indwelling  venous  catheter  surgically 
implanted  in  the  jugular  vein  using  techniques  adapted  from 
those  of  Herd,  et  al,  (1969)  as  previously  described  (Lotz, 
1979) . 


B.  Microwave  Equipment  and  Exposure  Protocol 

The  microwave  exposures  were  conducted  in  a  microwave 
anechoic  chamber  according  to  a  24-h  protocol.  Both  the 
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chamber  and  the  protocol  have  been  described  in  detail  pre¬ 
viously  (Lotz  and  Podgorski,  1982).  Briefly,  the  microwave 
source  provided  1.29  GHz  pulsed  radiation  (3  ysec  pulse 
width,  pulse  repetition  rate  337  sec  and  the  animals  were 
irradiated  in  the  far-field  zone  of  a  horn  antenna  while 
seated  in  a  Styrofoam  restraint  chair.  Power  density  mea¬ 
surements  were  averaged  over  the  region  occupied  by  the 
monkey  (crown  to  rump)  and  the  specific  absorption  rate  was 
estimated  on  the  basis  of  previous  data  (Olsen,  et  ai . , 
1980)  to  be  0.107  (W/kg)/ (mW/cm^)  or  4.1  W/kg  for  38  mW/cm^ 
ejgjosures.  The  resting  metabolic  rate  (RMR)  of  a  rhesus 
monkey  is  reported  to  be  about  2.4  WAg  (Bourne,  1975). 
Ejqposures  were  eight  hours  in  length  and  were  conducted  from 
either  1200-2000  (day)  or  2200-0600  (night) .  Hourly  blood 
samples  were  collected  before,  during,  and  after  the  ej^o- 
sure  for  a  total  period  of  24-h  from  0800  to  0800  the 
following  morning.  The  saniples  were  drawn  remotely  (from 
outside  the  chamber)  via  the  catheter  and  were  promptly 
centrifuged.  The  plasma  was  separated  and  stored  frozen  at 
-25  °C  for  later  analysis.  Body  temperature  was  contin¬ 
uously  monitored  and  recorded  hourly  using  a  YSI  402  ther¬ 
mistor  probe  (Yellow  Springs  Instrument  Co. ,  Inc. ,  Yellow 
Springs,  OH)  inserted  10  cm  into  the  rectiun  of  the  monkey. 
Although  this  probe  is  not  designed  for  noninterference  in 
microwave  fields,  no  temperature  artifacts  were  observed  in 
measurements  accurate  to  0.1  °C.  These  checks  were  made  by 
cycling  the  microwave  power  on  and  off  at  each  of  the  power 
densities  used  in  this  study,  with  the  probe  in  the  normal 
position  in  the  monkey.  The  chamber  was  ventilated  with 
room  air,  with  air  flow  from  the  back  to  the  front  of  the 
chamber  with  respect  to  the  monkey.  Over  30  m^  of  air  were 
exchanged  each  minute,  a  sufficient  rate  for  an  exchange  of 
the  chamber  volume  once  per  minute,  and  the  velocity  of  air 
movement  around  the  animal  in  the  chair  was  15  to  30  m/min. 
The  restraint  chair  covered  the  back  surface  of  the  monkey's 
body  from  the  waist  down  to  just  above  the  knee,  effectively 
blocking  air  flow  from  the  pelvic  and  upper  leg  surface 
areas.  The  neck  was  also  covered  by  the  upper  part  of  the 
restraint  chair.  Ambient  temperature  was  maintained  at  24  ± 
2  °C  (range)  and  relative  humidity  averaged  55  ±  17%  (nean  ± 
SD)  during  all  ejqperiments . 


C.  Hormone  Analysis 


Plasma  saiiples  were  later  thawed  and  analyzed  for  levels 
of  cortisol  by  a  competitive  protein  binding  method  (Murphy, 
1967)  and  for  thyroxine  by  a  radioimmunoassay  method 
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(Clinical  Assays,  Inc.,  Cambridge,  MA) . 


D.  Data 

Four  monkeys  were  each  ej^osed  three  times  to  each  condi¬ 
tion  (sham-day,  exposed-day,  sham-night,  exposed-night). 
Corresponding  values  from  these  three  sessions  were  then 
averaged  to  obtain  representative  values  for  each  subject. 
The  data  presented  are  the  means  of  the  values  for  the  four 
subjects. 


III.  RESULTS 


The  effects  of  microwave  exposure  on  the  rectal  tenpera- 
ture  of  these  cinimals  for  day  or  night  exposures  are  shown 
in  Figure  1.  For  the  shams,  the  normal  circadian  rhythm  in 
deep  body  temperature  is  clearly  apparent,  with  the  lowest 
mean  temperature  occurring  at  0100  hours.  The  pattern  of 
response  and  magnitude  of  the  temperature  increase  is  vir¬ 
tually  identical  for  both  exposure  situations,  with  an 
average  increase  of  1.7  and  1.6  ®C,  respectively,  for  day 
and  night  exposures  (Table  I) .  In  both  cases,  the  tempera¬ 
ture  increased  steadily  for  the  first  two  hours  of  exposure, 
then  stabilized  at  an  elevated  level  for  the  remaining  six 
hours  of  exposure,  before  returning  to  sham  exposure  levels 
within  one  to  two  hours  after  the  exposure  ended. 

Comparisons  of  mean  rectal  temperatures  for  the  sham  and 
exposure  conditions  for  three  time  intervals  are  shown  in 
Table  I.  Values  for  daytime  exposures  at  28  mW/cm^  from 
another  paper  (Lotz  and  Podgorski,  1982)  are  included  here 
for  comparison  purposes.  No  change  in  plasma  cortisol 
levels  occurred  during  these  day  exposures  to  28  mW/cm^. 
The  three  time  periods  represent  the  pre-exposure  period  for 
day  e:5>osures  (0800-1200) ,  the  period  during  the  day  expo¬ 
sure  when  body  tenperature  was  elevated  and  stable 
(1500-2000,  representing  exposure  hours  three  through 
eight) ,  and  the  corresponding  period  during  the  night  expo¬ 
sure  when  body  tenperature  was  elevated  and  stable 
(0100-0600) .  Note  that  the  mean  temperature  during  day 
exposure  to  28  mW/cm^  (1500-2000)  is  exactly  the  same  as  the 
mean  tenperature  during  night  exposure  to  38  mW/cm^ 
(0100-0600).  The  increase  in  tenperature  (AT)  is,  however, 
quite  different  for  those  two  periods.  In  contrast  to  that 
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indicates  the  dark  period  of  the  light  cycle. 
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situation,  the  ten^ierature  increase  for  both  the  day  and 
night  exposures  to  38  mW/cm^  is  practically  identical  even 
though  the  absolute  tenperature  means  differ  by  0.9  ®C. 


Table  I.  Rectal  Temperature  Comparisons 


Type  of 

Rectal  temperature 

1  (mean  ±  SE)^ 

Exposure 

0800-1200 

1500-2000 

0100-0600 

SHAM 

38.0  ±  0.1 

38.0  ± 

0.1 

37.2  ±  0,1 

28  mW/cm^ 

(DAY)^ 

38.0  ±  0.1 

38.8  ± 

0.1 

37.2  ±  0.1 

38  mW/cm^ 

(DAY) 

38.1  +  0.1 

39.7  ± 

0.1* 

36.9  ±  0.1 

38  mW/cm^ 

(NIGHT) 

38.0  ±  0.1 

37.9  ± 

0.1 

38.8  ±  0.1 

^Values 

are  the 

mean  of  hourly 

measurements 

for  4  monkeys 

for  times  included  in  the  intervals  shown. 

^These  data  are  taken  from  another  study  (Lotz  and 
Podgorski,  1982). 

*Circulating  cortisol  levels  were  significantly  altered 
from  sham  levels  (p  <.05). 


Circulating  cortisol  levels  in  the  monkeys  are  shown  in 
i^igures  2A  and  2B  for  day  and  night  exposure  sessions, 
n^spectively.  For  day  exposures,  a  clear  increase  in  cor- 
ti.sol  levels  exists,  beginning  two  to  three  hours  after  the 
onset  of  exposure.  It  is  readily  apparent  from  Figure  2B 
that  no  difference  between  cortisol  levels  of  sham  or 
exposed  monkeys  existed  during  the  night  sessions. 

No  differences  in  thyroxine  levels  existed  between  sham 
and  exposed  conditions  for  either  day  or  night  sessions. 
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IV.  DISCUSSION 


These  results  indicate  that  the  effects  of  microwave 
exposure  on  body  tenperature  and  plasma  cortisol  levels  of 
the  rhesus  monkey  were  influenced  by  the  circadian  rhythm  in 
these  parameters.  The  increase  in  body  teirperature  (AT) 
caused  by  identical  exposures  conducted  either  in  the  day  or 
at  night  was  the  same,  but  the  peak  level  of  that  tempera¬ 
ture  was  almost  1  °C  lower  at  night.  This  comparable  AT 
suggests  that  the  thermoregulatory  response  to  this  micro- 
wave  exposure  was  conpareible  for  both  day  and  night  esgjo- 
sures,  and  that  this  response  is  consistent  with  the 
concepts  that  have  been  established  from  studies  of  thermo¬ 
regulatory  control  mechanisn\s.  The  concept  of  a  sustained 
error  signal  has  been  developed  to  explain  body  temperature 
and  thermoregulatory  responses  during  a  sustained  heat  load 
associated  with  exercise  (Stitt,  1979) .  The  work  of  Nielsen 
and  Nielsen  (1965)  suggests  that  the  thermoregulatory 
response  to  a  microwave  heat  load  is  essentially  equivalent 
to  an  exercise  heat  load.  The  nocturnal  drop  in  body  tem¬ 
perature  is  thought  to  be  due  to  a  drop  in  the  regulatory 
set-point  at  night  in  animals  that  are  active  during  the  day 
(Hensel,  1973).  Wenger,  et  al,  (1976)  demonstrated  that  the 
nocturnal  lowering  of  the  thermoregulatory  set  point  is 
accompanied  by  a  lowering  of  thresholds  for  sweating  and 
vasodilation  in  man.  The  increments  in  body  temperature  we 
observed  during  microwave  e3q>osure,  virtually  the  same  what¬ 
ever  the  time  of  day,  reflect  the  constant  error  signal  pro¬ 
duced  by  identical  exposures,  v.’hile  the  different  levels  of 
body  temperature  reached  during  irradiation  at  different 
times  of  day  reflect  the  fact  that  the  error  signal  is  added 
onto  a  different  level  of  thermoregulatory  set  point.  There 
is  no  indication  that  the  microwave  exposure  has  any  effect 
on  the  control  of  the  basic  circadian  rhythra  of  body  tenper- 
ature . 

One  aspect  of  this  temperature  response  that  is  not  con¬ 
sistent  with  the  analogy  to  exercise-induced  hyperthermia  is 
the  fact  that  a  AT  in  rectal  temperature  of  about  1.6  'C  is 
caused  by  a  rate  of  microwave  heating  that  is  less  than 
twice  the  resting  metabolic  rate  of  the  animal.  In  exer¬ 
cising  humans,  the  degree  of  hyperthermia  is  proportional  to 
the  relative  work  load,  i.e.  to  the  percentage  of  the  maxi¬ 
mum  aerobic  capacity.  Rectal  temperatures  do  not  normally 
exceed  1.5  °C  in  humans  engaged  in  sustained  exercise  unless 
the  metabolic  rate  is  more  than  5  times  the  RMR  (Saltin  and 
Hermansen,  1966) .  Although  there  are  few  data  in  the  liter¬ 
ature  on  metabolic  rates  of  exercising  monkeys,  it  appears 
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that  rhesus  monkeys  can  exercise  vigorously  at  metabolic 
rates  several  times  the  RMR  without  causing  more  than  a  1.5 
°C  rise  in  rectal  temperature  (Myers,  et  al.,  1977).  An 
important  question,  then,  is  how  can  a  monkey  dissipate  heat 
more  effectively  when  exercising  than  when  heat  is  being 
generated  in  his  tissues  passively  by  exposure  to  microwave 
radiation?  It  may  be  that  the  rhesus  monkey  is  not  a  good 
model  for  humans  with  which  to  study  thermoregulation  during 
exercise,  even  though  the  rhesus  monkey  is  a  good  model  for 
man  with  respect  to  thermoregulation  at  rest  (Johnson  and 
Elizondo,  1979).  On  the  other  hand,  the  rhesus  monkey  may 
be  a  suitable  model  for  exercise- induced  hyperthermia,  but 
have  a  maximum  aerobic  capacity  that  is  relatively  low  when 
compared  to  the  KMR.  In  the  case  of  a  relatively  low  aero¬ 
bic  capacity,  a  microwave- induced  heat  load  equivalent  to 
twice  the  RMR  might  be  predicted  to  cause  a  significant 
increase  in  body  ten?)erature,  according  to  the  principle 
that  the  degree  of  hyperthermia  is  proportional  to  the  rela¬ 
tive  work  load.  However,  based  on  the  available  informa¬ 
tion,  this  explanation  seems  unlikely.  If  the  rhesus  monkey 
is  a  good  model  of  man  for  thermoregulation  in  the  exer¬ 
cising  or  microwave-exposed  subject,  then  other  possible 
explanations  for  the  relative  inability  to  dissipate  micro- 
wave  heat  must  be  considered. 

Muscle  blood  flow  may  be  an  important  part  of  the  answer 
to  this  question,  because  the  initial  stimuli  to  which  the 
blood  flow  responds  is  different  for  the  two  situations 
under  consideration.  Muscle  blood  flow  in  the  active 
muscles  increases  rapidly  within  seconds  of  the  onset  of 
exercise.  This  increased  blood  flow  is  in  response  to  the 
increased  metabolic  demands  of  the  muscle,  but  the  enhanced 
blood  flow  also  transfers  the  metabolic  heat  to  the  body 
core  where  it  provides  information  for  the  prompt  and  pro¬ 
portion  a’  control  of  thermoregulatory  responses  by  the  hypo¬ 
thalamus.  However,  at  1.29  GHz,  the  limbs  of  the  monkey  are 
heated  at  a  rate  as  much  as  5  to  7  times  the  rate  of  heating 
of  the  body  core  (Olsen,  et  al.,  1980;  Olsen  and  Griner, 
1982).  Much  of  this  energy  would  be  deposited  in  the 
muscles  of  the  limbs,  where  blood  flow  is  quite  low  in  the 
resting  animal.  This  heat  could  go  virtually  undetected  by 
either  the  superficial  cutaneous  warmth  sensors  or  by  the 
hypothalamus,  tintil  muscle  temperature  had  increased  suffi¬ 
ciently  to  cause  increased  blood  flow  in  the  muscles.  Based 
on  studies  with  diatherny,  blood  flow  in  a  passive  muscle 
does  not  increase  until  local  temperature  reaches  about 
41  °C  (Guy,  et  al.,  1974).  Thus,  until  muscle  blood  flow 
increases,  the  peripheral  muscles  may  be  storing  a  consider¬ 
able  amount  of  heat.  Prior  to  that  transfer,  the 
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thermoregulatory  response  would  be  based  on  incomplete  in¬ 
formation  while  the  amount  of  stored  heat  in  the  body 
increased.  Once  the  muscle  blood  flow  increased,  the  ther¬ 
moregulatory  response  would  increase  in  proportion  to  the 
additional  heat  load  transferred  to  the  body  core,  but  the 
legs  would  probably  remain  relatively  hot  throughout  the 
exposure  in  order  to  keep  their  blood  flow  high  enough  to 
carry  off  enough  heat  to  avoid  getting  even  hotter.  It  is 
possible  that  this  extra  heat  transferred  from  the  legs  by 
the  pelvic  veins  influenced  rectal  temperature,  in  a  manner 
similar  to  that  observed  by  Mead  and  Bonmarito  (1949)  in 
man,  to  make  rectal  temperature  a  biased  index  of  deep  body 
tenperature  in  these  microwave- exposed  animals.  The  influ¬ 
ence  of  microwave  heating  of  the  peripheral  muscles  might 
also  ej^lain  the  difference  between  the  level  of  heating 
observed  in  this  study  and  the  level  observed  by  Nielsen  and 
Nielsen  (1965) ,  in  which  the  diathermy  exposure  was  limited 
to  the  body  torso.  The  whole-body  exposed  monkeys  had  a 
rectal  temperature  increase  of  1.7  °C  at  a  microwave-heat 
production  rate  of  about  twice  the  RMR,  while  the  human  sub¬ 
jects  of  Nielsen  and  Nielsen  had  a  rectal  temperature 
increase  of  only  1  °C  at  an  electromagnetic-heat  produc¬ 
tion  rate  of  5  times  the  RMR.  Obviously,  some  information 
on  the  temperature  or  blood  flow  in  the  leg  muscles  and  on 
other  deep  body  temperatures  during  microwave  exposure  is 
needed  to  test  this  hypothesis.  If  this  idea  holds  up  to 
such  tests,  a  given  rate  of  heat  production  and  radiant 
energy  absorption  should  not  warm  the  leg  muscles  of  exer¬ 
cising  monkeys  nearly  as  much  as  those  of  irradiated 
monkeys,  because  of  the  much  higher  blood  flow  in  the  exer¬ 
cising  muscle. 

The  surprising  result  of  these  experiments  was  the  com¬ 
plete  absence  of  an  adrenocortical  response  during  the  night 
exposures,  in  spite  of  the  equivalent  increase  in  rectal 
tenperature.  Earlier  reports  of  both  adrenocortical  and 
behavioral  effects  of  microwaves  suggested  the  hypothesis 
that  the  interaction  of  these  effects  with  body  temperature 
was  closely  correlated  with  a  threshold  AT  during  microwave 
exposure  (Lots  and  Podgorski,  1982;  de  Lorge,  1979).  The 
results  of  these  experiments  do  not  support  the  "critical 
AT"  concept,  however.  These  results  are  more  compatible 
with  the  idea  that  the  adrenocortical  response  was  only 
stimulated  in  the  rhesus  monkey  if  the  body  temperature 
exceeded  a  particular  critical  level  between  38.8  "C  and 
39.7  °C.  Cortisol  levels  were  not  affected  during  exposures 


that  raised  rectal  temperature  to  38.8  °C,  whether  those 
exposures  were  to  28  mW/cm^  during  the  day  (Lotz  and 
Podgorski,  1982)  or  to  38  mW/cm^  at  night,  but  cortisol 
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levels  were  increased  during  38  mW/cm^  day  ej^osures  that 
raised  rectal  temperature  to  39.7  ®C.  The  results  do  not, 
however,  exclude  the  possibility  that  the  absence  of  an 
adrenocortical  response  during  the  night  exposure  was  due  to 
complex  mechanisms  in  the  CNS  control  of  the  rhythmic  neuro¬ 
endocrine  system  that  were  unrelated  to  the  body  tempera¬ 
ture.  Even  if  a  higher  exposure  intensity  had  been  used  to 
increase  the  rectal  temperature  to  39.7  °  at  night,  it  is 
possible  that  the  cortisol  response  would  still  not  have 
occurred  as  it  did  during  day  exposures  that  raised  rectal 
temperature  to  that  absolute  level. 

The  circadian  rhythm  of  glucocorticoid  secretion  is  well 
defined  in  most  maimmals,  including  man  (Gallagher,  et  al . , 
1973)  and  the  rhesus  monkey  (Holaday,  et  al.,  1977). 
Kaneko,  et  al.  (1980)  have  described  a  number  of  variations 
in  the  frequency  and  curplitude  modulation  of  different 
ievels  of  the  adrenocortical  system  with  respect  to  the  cir¬ 
cadian  cycle  of  the  rat.  The  observations  of  Kaneko,  et  al. 
may  help  to  clarify  a  complex  picture  in  which  the  adreno¬ 
cortical  response  to  stress  has  been  reported  to  be  either 
dependent  or  independent  of  the  circadian  cycle  (Gibbs, 
1970;  Allen,  et  al.,  1975).  In  those  reports  that  indicate 
an  adrenocortical  response  that  is  dependent  upon  the  cir¬ 
cadian  rhythm,  an  enhanced  response  during  the  peak  phase  of 
the  cycle  has  been  observed  in  the  rat.  For  the  monkey,  the 
corresponding  time  of  greatest  adrenocortical  response  would 
be  in  the  morning,  when  cortisol  levels  are  high.  In  the 
study  reported  here,  the  "day"  microwave  stimulus  was  actu¬ 
ally  delivered  after  the  morning  peak  of  cortisol  levels  had 
begun  to  decline,  but  while  the  levels  were  still  near  that 
peak.  The  "night"  ejqjosure  was  begun  at  or  near  the  nadir 
of  circulating  cortisol  levels  and  was  continued  through  the 
period  of  increasing  cortisol  secretion  to  the  time  of  early 
morning  peak  levels  of  cortisol.  In  actuality,  these  two 
periods  are  contrasted  by  changes  in  cortisol  secretory 
rates  (Holaday,  et  al.,  1977)  as  well  as  cortisol  levels  in 
that  the  secretory  rate  is  low  in  the  early  afternoon  and 
high  in  the  early  morning.  Furthermore,  the  plasma  cortisol 
in  monkeys  irradiated  during  the  day  rose  to,  but  not  above, 
the  early  morning  peak  seen  in  sham  experiments.  Thus, 
these  data  could  be  interpreted  to  mean  that  small  stimuli 
can  increase  the  cortisol  secretory  rate  up  to  its  highest 
level  in  the  normal  daily  range,  but  much  larger  stimuli  are 
needed  to  increase  it  beyond  this  range.  As  shown  in  Figure 
2A,  irradiation  during  the  day  returned  cortisol  release  to 
its  highest  normal  daily  level,  reversing  the  drop  in  cir¬ 
culating  cortisol,  but  the  mild  stimulus  of  irradiation 
(Figure  7r)  did  not  alter  the  cortisol  secretory  rate  at 
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night  when  it  was  already  at  its  normal  daily  high,  cind 
hence  produced  no  change  in  circulating  cortisol  levels. 
This  interpretation  might  be  tested  in  protocols  in  which 
the  circadian  rhythm  of  body  ten^jerature  is  separated  from 
the  pattern  of  plasma  cortisol  by  infusing  ACTH. 

Only  one  other  report  has  been  foimd  in  which  the  effects 
of  microwave  ej^osure  at  different  times  of  the  circadian 
cycle  have  been  studied.  Lu,  et  al.  (1980a)  observed  a  sup¬ 
pression  of  the  normal  afternoon  circadian  rise  in  plasma 
corticosterone  levels  of  rats  exposed  to  20  mW/cm^  for  eight 
hours.  The  colonic  tenperature  of  the  rats  was  1.35  °C 
higher  after  the  exposure  than  after  a  sham  exposure.  The 
timing  of  their  experiment  was  comparable,  in  its  phase 
relationship  to  the  circadian  cycle,  to  the  night  exposures 
of  rhesus  monkeys  in  this  study.  However,  the  expected  rise 
in  plasma  cortisol  was  unaffected  in  our  study,  but  was  sup¬ 
pressed  during  irradiation  in  the  study  of  Lu,  et  al . 

The  hypothesis  that  the  adrenocortical  response  observed 
in  the  day  exposures  depends  on  a  body  temperature  in  excess 
of  a  particular  level  might  be  tested  by  altering  the 
ambient  temperature  in  conjunction  with  microwave  exposure. 
Other  effects  of  microwave  exposure  have  been  shown  to  be 
altered  by  varying  environmental  temperature  during  exposure 
(Deichmann,  et  al.,  1959).  Thus,  the  cortisol  response 
might  be  stimulated  by  lower  intensity  microwave  e3q)osure 
with  higher  ambient  temperature  or,  conversely,  might  be 
negated  by  lowering  the  ambient  temperature  during  the 
exposure  that  caused  the  observed  effect.  More  complex 
experiments  of  this  type  using  thermodes  to  alter  hypothala¬ 
mic  tenperaturs  during  exposure  could  also  help  clarify  this 
question . 


V.  CONCLUSIONS 
\ 

"^^^n  summary,  the  results  of  this  study  demonstrate  an 
influence  of  the  circadian  rhythm  on  the  effects  of  micro- 
wave  exposure  on  plasma  cortisol  and  rectal  temperature. 
The  lower  rectal  temperature  during  night  exposures  was  pre¬ 
sumably  due  to  the  lower  sham-condition  temperature  at 
night,  since  the  temperature  increase  over  sham  levels  was 
similar  for  either  day  or  night  exposures.  The  absence  of  a 
cortisol  response  during  night  exposures  may  be  simply 
related  to  the  absolute  body  temperature  reached,  although 
more  complex  circadian  influences  cannot  be  eliminated  by 
these  data.  Although  the  results  were  insufficient  to  pro¬ 
vide  a  clear  understandii'.g  of  the  mechanisms  involved,  it 
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was  shown  conclusively  that  the  responses  studied  depended 
not  only  on  the  independent  variables  of  microwave  e>^osure 
selected,  but  also  on  the  baseline  levels  of  the  normal 
physiological  state  that  existed  at  the  time  of  exposure. ^ 
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INTRODUCTION 


The  explosion  of  scientific  knowledge  during  the  20th 
Century  and  the  subsequent  thrust  toward  hyperspecialization 
have  all  but  extinguished  Renaissance  Man.  Isaac  Asimov  and 
Carl  Sagan  are  among  the  few,  well-known  contenporaries  that 
evince  a  broad  grasp  of  physical  and  biological  theory  and 
data,  but  neither  has  achieved  the  critical  criterion  of 
innovativeness — of  the  bold  stroke  of  insightful  synthesis 
— that  moves  the  corpus  of  scientific  knowledge  toward  new 
frontiers.  George  Alban  Sacher  was  encyclopedic  of  grasp; 
he  was  highly  productive  as  a  practicing,  publishing  scien¬ 
tist;  and  he  was  innovative  of  concept  and  theory.  He 
easily  qualified  as  a  Man  for  all  Scientific  Seasons. 

I  shall  leave  it  to  other,  more  conpetent  biographers  to 
present  in  detail  Sacher 's  personal  and  educational  back¬ 
ground,  and  his  long  and  productive  labors  in  the  domain 
where  biology  intersects  the  ionizing  radiations.  Suffice 
to  say  that  he  was  born  in  1917  a  native  of  the  United 
States,  that  he  moved  horizontally  as  an  undergraduate 
through  a  labyrinth  of  university  disciplines — experimental 
psychology,  physiology,  genetics,  biometrics,  mathematics, 
and  physics — and  that  he  never  seriously  aspired  to  seek  a 
graduate  degree  after  award  of  the  baccalaureate  from  the 
University  of  Chicago  in  1943.  A  long  and  distinguished 
association  with  the  Argonne  National  Laboratories  followed, 
as  did  a  large  number  of  important  publications  related  to 
the  biology  of  aging.  He  died  in  January  of  1981,  victim  of 
an  accident. 

I  shall  touch  on  some  contents  of  Sacher' s  piablications 
but  for  the  greater  part  will  enphasize  a  side  of  his 
thinking  that  until  now  has  not  been  reflected  in  archival 
print.  He  nourished  during  his  last  decade  the  hope  of 
establishing  a  microwave- instrumented  biological  laboratory 
in  which  he  could  verify — or  infirm — certain  implications  of 
his  belief  that  the  central  nervous  system  might  play  a 
major  role  in  determining  longevity.  Always  a  cautious  sci¬ 
entist,  Sacher 's  keen  analytical  skills  were  ever  con¬ 
strained  by  a  tenacious  desire  for  empirical  substantiation: 
An  hypothesis  is  a  propositional  ladder  that  must  rest 
firmly  on  the  fundament  of  fact  before  one  ascends  it  in  the 
search  for  additional  facts.  It  was  Sacher 's  intent  to  per¬ 
form  certain  experiments  before  unveiling  in  the  open  liter¬ 
ature  what  I  term  his  free-energy  hypothesis . 

In  the  pages  that  follow,  I  shall  sketch  the  free-energy 
concept  in  terms  of  antecedents  and  implicat  ons,  and  also 
examine  it  in  the  light  of  pertinent  findings. 
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METABOLISM  AND  LONGEVITY 


My  introduction  to  Sacher’s  works  occurred  in  tiie  late 
1960s  when  I  chanced  on  an  essay  by  Roland  Fischer  (1966) , 
who  portrayed  metabolic  rate  as  a  fundamental  constraint  on 
longevity  and  cited  empirical  support  in  investigations 
reported  by  Sacher  (e.g.,  1958;  1959).  Sacher's  datum, 
which  was  based  on  studies  of  life  tables,  allometric  data, 
and  metcl'olic  measures  of  hundreds  of  species  and  which  was 
earlier  hypothesized  by  Rubner  (1908)  and  Pearl  (1928) ,  was 
given  poetic  e:55)ression  by  Fischer:  The  length  of  our  lives 
is  inversely  proportional  to  the  height  of  our  metabolic 
flames . 

Intrigued  by  this  seeming  affirmation  of  mother  wit — that 
burning  of  the  human  candle  at  both  ends  exacts  a  toll  of 
mortal  time — I  sought  means  to  perform  model  eJ5)eriments  on 
murine  species  in  which  the  second  flame,  so  to  speak,  was 
to  be  ignited  in  the  microwave  field  of  a  multi-mode  cavity. 
The  intent  was  chronically  to  dose  mice  and  rats  with  suf¬ 
ficient  microwave  energy  to  match  their  resting  metabolic 
rates,  thereby  forcing  them  into  a  "faster  rate  of  living" 
(Pearl,  1928).  To  accon^plish  this  and  other  work,  a  request 
for  grant  support  was  submitted  to  the  National  Institutes 
of  Health  in  the  early  1970s.  A  project-site  visit  by  NIH 
officials  and  consultants  to  ny  laboratory  followed.  Appro¬ 
priately  enough,  Sacher  was  the  chairman  of  the  site- 
visiting  team. 

My  recollection  of  the  visit  is  spotty,  but  one  exchange 
with  Sacher  remains  vivid  in  memory.  To  his  question:  What 
would  one  eiqject  to  find  if  mice  or  rats  were  continuously 
or  intermittently  e3q)osed  during  the  term  of  life  to  a  mod¬ 
erately  thermalizing  microwave  field?  I  answered,  without 
hesitating,  that  life  span  would  be  truncated.  Sacher 
responded,  also  without  hesitating,  that  life  span  might  be 
extended.  Thence  followed  introduction  by  Sacher  to  his 
free-energy  hypothesis,  which  he  incorporated  in  a  short  but 
masterful  lecture  that  began  with  a  review  of  four  estab¬ 
lished  actuarial  correlates  of  longevity  (cf.  Sacher,  1974; 
1978) : 


ACTUARIAL  AND  CONSTITUTIONAL 
CORRELATES  OF  LONGEVITY 


1.  Core  temperature.  The  weakest  correlate,  one  that 
accounts  fox'  less  than  five  percent  of  life-span  variation. 
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but  one  that  is  highly  reliable  in  the  statistical  sense,  is 
core  tenperature .  A  higher  core  tenperature .  in  general,  is 
associated  with  greater  longevity. 

2.  Body  mass.  More  massive  animals  generally  live 
longer  than  smaller  animals.  The  factor  of  body  mass  ac¬ 
counts  for  about  15  to  20  percent  of  the  variation  of  lon¬ 
gevity. 

3.  Metabolic  rate.  Metabolic  rate  is  inversely  related 
to  longevity,  accounting  for  about  25  percent  of  the 
variance. 

4.  Brain  mass.  The  mass  of  the  brain  is  the  strongest 
correlate  of  longevity,  accounting  for  about  35  percent  of 
the  varicince. 

Sacher  illustrated  the  relation  of  brain  mass  and  meta¬ 
bolic  rate  to  life  span  by  con4>aring  two  species,  Peromyscus 
leucopus  (the  white-footed  field  mouse)  and  Mus  musculus 
(the  house  mouse,  which  is  the  progenitor  of  all  common 
laboratory  strains) .  To  the  eye,  adults  of  both  species  are 
remarkably  similar  as  regards  coloration,  form,  and  size. 
Yet,  under  optimal  conditions,  the  field  mouse  survives 
nearly  eight  years ,  while  the  house  mouse  seldom  lives 
longer  than  three  years.  Physiologically  and  anatomically, 
the  animals  are  highly  similar  but  for  two  compelling  dif¬ 
ferences:  The  mean  of  the  metabolic  rate  of  the  longer- 
lived  mouse  is  about  20  percent  lower,  and  its  brain  is  half 
again  more  massive  thait  that  of  its  shorter-lived  cousin. 

Sacher  next  indicated  that  two  of  the  actuarial 
predictors — body  mass  and  core  temperature — are  redundant  to 
and  subsume  under  the  constitutional  factsrs  of,  respec¬ 
tively,  the  degree  of  encephalization  (as  indexed  by  the 
brain-to-body-mass  ratio)  and  the  efficiency  of  energy  con¬ 
servation,  i.e.,  the  specific  metabolic  rate  will  be  lower 
and  the  mean  of  core  temperature  will  be  higher  when  theiT.iO- 
dynamic  efficiency  is  maximized — when  entropy  is  minimized 
{cf.  Sacher,  1967) . 

The  role  of  genetics  as  a  controlling  factor  in  longevity 
was  in  no  wise  minimized  by  Sacher.  Indeed,  he  remarked  on 
several  occasions  that  degree  of  encephalization  and  longev¬ 
ity  might  be  largely  independent,  each  primarily  driven  in 
the  causal  sense  by  a  species'  genes.  More,  he  carefully 
differentiated  between  genetic  and  ontogenetic  factors  as 
determinants  of  life  span,  although  he  recognized  the  dif¬ 
ficulty  of  parceling  the  contribution  of  each.  When  HonK> 
sapiens'  optimal  life  span  is  conpared  with  that  of  other 
primates  of  comparable  body  mass,  the  difference  favoring 
«  man  is  reckoned  in  several  decades.  But  does  the  larger, 

?  more  coitplex  brain  of  mcin  enable  him  significantly  to  effect 

I  more  efficient  ejpenditure  of  energy  within  the  milieu 
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intSrieur,  thereby  prolonging  life?  In  short,  is  the  ad¬ 
vanced  brain  a  metabolic  modulator?  The  same  questions 
could  be  asked  of  Mus  and  Peromyscns. 

Sacher  definitely  subscribed  to  the  possibility  that  the 
more  advanced  brain  of  the  more  highly  evolved  species  is 
not  only  correlated  with  but  might  be  causally  related  to 
its  greater  life  span,  hence  his  expression,  "The  brain  is 
the  organ  of  longevity"  (see  Mackay,  1977,  p.  131)  .  It  was 
also  Sacher's  belief  that  the  brain  of  the  mammal — even  the 
dimunitive  organ  of  the  murine  animal — might  be  sufficiently 
advanced  that  a  chronic  infusion  of  mildly  thermalizing 
microwave  energy  into  the  body  would  result  in  neurally  and 
humorally  mediated  reduction  of  expenditures  of  endogenous 
energy.  Free  energy  imparted  by  the  field  might  spare  to 
some  extent  the  endogenous  store,  the  while  being  used  to 
energize  the  machinery  of  the  body. 

A  question  comes  immediately  to  mind  regarding  the  spe¬ 
cificity  of  microwave  energy  as  a  free-energy  source.  Why 
should  ]0-cm  microwaves  differ  from  the  less-than-l-mm  far- 
infrared  waves  in  sparing  the  endogenous  calories  of,  say,  a 
mouse?  Sacher  never  directly  addressed  this  question  in  our 
exchanges  but  I  conjecture  two  possibilities,  both  based  on 
the  limited  depth  of  penetration  of  submillimeter  waves. 
One,  these  waves  do  not  significantly  invest  the  deeper 
tissues  in  which  the  bulk  of  the  body's  metabolic  activity 
takes  place.  Electromagnetic  energy  might  be  used  nore 
efficiently  by  organelles  and  cells  if  it  is  coupled  direct¬ 
ly  to  them.  And  two,  psychological  and  physiological 
factors  come  into  play.  The  phylogenetically  advanced 
(endothermic)  species  are  creatures  whose  comfort  and  sur¬ 
vival  depend  on  an  environment  at  a  temperature  well  below 
that  of  the  body  (see,  e.g..  Hardy,  1970).  The  implication 
of  this  provision  is  that  the  environment  is  a  sink  of  ther¬ 
mal  energy,  and  that  energy  drawn  from  the  metabolic  well  is 
being  dissipateo  continuously  to  maintain  comfort  and  adap¬ 
tive  physiological  function.  Electromagnetic  fields  at  the 
longer  wavelengths  of  the  microwaves  and  the  shorter  wave¬ 
lengths  of  the  shortwaves  might  present  the  only  practical 
means  of  coupling  significant  quantities  of  thermalizing 
energy  to  the  deeper  reaches  of  the  mammalian  body  while 
preserving  a  moderate  tenperature  of  the  skin,  in  which 
reside  receptors  that  mediate  comfort  and  thermoregulation. 

Electromagnetic  energy  at  shorter  wavelengths  (  <<lmm)  is 
readily  absorbed  by  molecules  of  air.  It  follows  that  the 
sizable  infrared  fluxes  of  sun  and  other  conventional 
sources  of  heating  are  indiscriminate  energizers  of  the 
gaseous  environment  as  well  as  its  inhabitants.  Thermali- 
zation  o"  air  that  is  incident  on  the  surface  of  the  body 
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can  narrow  or  even  obliterate  the  vital  gradient  of  ten^iera- 
ture  between  the  iiranediate  surround  and  the  body.  Survival 
of  the  species  has  therefore  depended  on  evolutionary  adap¬ 
tations  by  which  the  organism  either  maintains  a  safe 
thermal  distance  between  itself  eind  environment  (by  behav- 
iora]  thermoregulation)  or  invokes  evaporative  cooling  (via 
autonomic  regulation) ,  both  of  which  exacv  a  toll  of  endo¬ 
genous  energy.  The  radio  waves  in  consequence  of  their 
longer  wavelengths  can  warm  the  body  without  directly 
warming  the  surrounding  air,  which  selectivity  affords  a 
means  of  introducing  energy  to  the  deeper  reaches  of  the 
body  while  preserving  a  cool  surround — and  the  cooler  sur¬ 
face  temperatures  that  could  augur  for  comfort  and  reduced 
metabolic  demand.  If  comfort  can  be  maintained  in  a  field 
that  lessens  the  metabolic  burden  of  internal  warming,  endo¬ 
genous  energy  to  some  extent  will  be  conserved. 

If  not  a  wholesale  convert  to  Sacher’s  unorthodox  views, 
I  did  note  the  splendid  conpetition  of  his  hypothesis  and 
mine — greater  versus  decreased  longevity  of  the  chronically 
microwave- irradiated  mammal — and  agreed  with  him  that  the 
implications  of  the  free-energy  concept,  if  valid,  are  pro¬ 
found  as  regards  an  understanding  of  the  role  of  the  central 
nervous  system  in  metabolic,  endocrinological,  and  immuno¬ 
logical  function  and  adaptation.  We  agreed,  too,  that  the 
instrumentation  required  chronically  to  house,  feed,  water, 
and  irradiate  large  numbers  of  animals  under  dose- 
determi.nate,  environmentally  controlled  conditions  was 
beyond  economic  reach  if  not  beyond  the  engineering  state- 
of-th^-  art.  Only  later,  with  the  creation  and  introduction 
of  t  multiple-uni c  guided-wave  exposure  systems  of  Arthur 
W.  Guy  (Guy  and  Chou,  1977;  Guy,  et  al.,  1979;  see  Lovely, 
Chapter  20  •  f  this  volume)  would  the  requisite  instrumen¬ 
tation  become  affordable  and  accessible.  It  is  one  of  the 
ironies  of  Sacher's  career  that  he  had  been  a  leading  can¬ 
didate  to  direct  the  Institute  On  Aging  at  the  University  of 
Washington  in  Seattle,  where  collaboration  with  Guy  had  been 
assured  and  would  have  enabled  rigorous  testing  of  the  free- 
energy  hypothesis,  when  his  own  life  came  to  an  untimely 
end. 


SUMMARy  OF  PERTINENT  FINDINGS 


What\  now,  do  the  data  say  about  the  free-energy  hypo¬ 
thesis? -^No  experiment  reported  to  date  constitutes  an 
adequate  test  in  the  sense  of  supplying  comprehensive  infor¬ 
mation  on  survival  time,  metabolic  rcite,  food  constonption 
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'  and  utilization,  body  mass,  anatomical  integrity  (especially 
that  of  the  skeletal  and  nervous  systems) ,  status  of  the 
immune  and  endocrine  systems,  and  physiological  and  behav¬ 
ioral  competence  in  the  wake  of  chronic  exposure  to  a  mod¬ 
erately  thermalizing  radio  field.  Some  reports  do  provide 
data  on  one  or  more  of  the  important  end  points,  usually  in 
association  with  a  single  exposure  or  a  limited  number  of 
brief  exposures,  “'TfiSse^reports  receive  cursory  review,  but 
all  must  be  addressed  in'^fche  light  of  a  caveat  often  sounded 
by  Sacher  (e.g. ,  1974,  1978)  One  must  distinguish  between 
prolongation  of  life  in  senescence  and  enhancement  of  lon¬ 
gevity  based  on  actual  retardation  of  the  rate  of  aging. 
iMore,  retardation  of  aging,  if  sorely  taxed  at  the  expense 
of  quality  of  living,  is  no  bargain.  Some  hibernators  live 
relatively  long  lives,  but  the  torpor  of  hibernation — a  pro¬ 
longed  period  of  somnolence  and  greatly  reduced  metabolic 
activity — is  hardly  the  stuff  of  a  vibrant  psychological 
existence . 


Longevity  of  Microwave 
Irradiated  Animals 

The  first  report  of  direct  pertinence  to  the  free-energy 
hypothesis  was  published  by  Prausnitz  atid  Siisskind  in  1962. 
Mature  mice  were  exposed  (n  ==  200)  or  sham-exposed  (n  =  100) 
to  a  9270-MHz  field  4.5  minutes  a  day,  five  days  a  week, 
until  50  i-ercent  of  the  controls  ejq>ired,  which  embraced  a 
period  of  59  weeks.  The  composite  strength  of  the  incident 
field,  100  mW/cm^,  was  of  sufficient  duration  to  elevate 
core  .:emi3erature  by  slightly  more  than  3  °C;  I  estimate  the 
dose  rate  was  at  a  level  near  50  mW/g.  At  termination  of 
the  experiment,  64  percent  of  the  irradiated  mice  survived 
(Fig.  1) .  A  two-by-two  x^“t®st  of  the  64-50  difference 
yields  a  two-sided  P  value  that  is  less  than  . 02  at  .1  df. 
The  quantity  of  microwave  energy  imparted  to  the  mice,  about 
70  J/g  per  weekly  exposure,  approximates  a  value  that  is  one 
percent  of  the  mouse's  weekly  metabolic  energy  production, 
based  on  a  time-averaged  specific  metabolic  rate  (SMR}  of  8 
mW/g  (see  Durney,  et  al.,  1978).  Relative  to  the  SMR,  the 
small  proportion  of  free  microwave  energy  available  to  the 
mice  is  associated  with  a  14  percent  increase  in  median  num¬ 
ber  of  survivors,  which  excrapolates  to  a  three-month  aug¬ 
mentation  of  median  survival  time,  indicating  a  marked 
nonlinearity  in  the  energy-dose  survival-time  function.  The 
association  is  cuatistical,  not  necessar‘’y  causal,  but  cer¬ 
tainly  does  no  violence  to  the  direction  af  Sacher's  thesis. 

Preskorn,  et  al .  (1978)  exposed  or  sham-exposed  mice  in 
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Figure  1.  Survival  curves  of  microwave-irradiated  and 
sham- irradiated  mice.  Irradiated  animals  were  eaqjosed  to 
9270-MHz  microwaves  in  the  far  field  at  100  mW/cm^.  The 
animals  were  exposed  4.5  minutes  a  day,  five  days  a  week  for 
59  weeks,  at  which  time  50  percent  of  the  controls  had 
expired.  Sixty-four  percent  of  the  exposed  mice  survived 
the  295  periods  of  irradiation.  The  estimateu  energy  dose 
per  exposure  is  13.5  J/g.  (Redrawn,  with  permission,  from 
Prausnitz  and  SUsskind,  1962.) 


vtero  to  2450-MHz  microwaves  a  total  of  four  times  for  a 
period  of  20  minutes  during  each  exposure.  The  average  dose 
rate  was  35  mW/g,  and  the  average  energy  dose  per  radiation 
treatment  was  42  J/g.  During  the  16th  day  post  partum,  all 
of  the  pups  were  injected  subcutaneously  with  an  homogenate 
of  a  reticular-cell  sarcoma.  Subsequently,  the  animals  were 
assorted  into  one  of  two  groups  on  the  basis  of  whether 
tumor  growth  occurred,  then  were  observed  for  survival  times 
through  the  full  term  of  life.  At  the  point  in  time — 97 
weeks  post  partum — when  50  percent  of  36  non-tiamor-bearing 
controls  had  expired,  67  percent  of  45  irradiated  non-tumor- 
bearing  mice  survived.  Although  the  differential  in  survi¬ 
val  rate  of  i  •'.radiated  animals  at  the  controls'  median 
closely  approximates  that  observed  by  Prausnitz  and  Susskind 
(1962) ,  the  contribution  of  "free"  microwave  energy  during 
the  gestational  exposures,  '''170  J/g,  is  only  a  minuscule 
proportion  of  the  estimated  production  of  endogenous  energy, 
'''500  kJ/g,  through  the  97th  post  partum  week.  One  suspects 
that  enhanced  immunocompetence  was  a  contributing  factor 
since  other  data  found  in  a  companion  study  by  Preskorn,  et 
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aJ.  (1978)  revealed  retarded  rates  of  tumor  growth  and  his¬ 
tological  evidence  of  anti-tumor  activity  in  mice  irradiated 
both  in  utero  and  post  partum.  The  tumor-bearing  mice,  as 
expected,  exhibited  severely  truncated  survival  times.  The 
mice  that  had  been  irradiated  in  utero  did  exhibit  a  longer 
median  survival  time  than  did  ttimor-bearing  controls,  and 
the  difference  is  reliable  {P  <  .05). 

Only  one  additional  paper  has  appeared  in  the  archival 
literature  on  microwave  irradiation  in  which  longevity  of  a 
genetically  hardy  mammal  was  observed  (Spaulding,  et  ai . , 
1971) .  Mice  were  exposed  2-h  daily,  5  days  a  week,  for  35 
weeks  to  800-MHz  microwaves  at  a  power  density  of  43  mW/cm^, 
which  would  result  in  dose  rates  (depending  on  an  animal's 
orientation  in  the  field)  ranging  approximately  from  1  to  10 
mW/g.  Microwave-irradiated  mice  lived  longer  on  the  average 
than  did  controls  (664  vs.  645  days)  but  small  samples  (n  = 
24)  and  the  high  variability  of  mammalian  life  span  summon 
the  null  hypothesis. 

A  study  recently  conpleted  in  laboratory  (Reeves,  et 
ai.,  1981),  which  has  yet  to  appear  in  archival  print,  in¬ 
volved  highly  intense  irradiation  of  mouse  dams  in  a 
2450-MHz  field  a  total  of  three  times  during  the  fetal 
period  (duration  of  each  treatment,  10  min.;  dose  rate,  46 
mW/g)  .  A  large  percentage  of  pups  (17%  vs.  6%  of  controls; 
P  <  .05)  expired  shortly  following  birth,  ostensible  victims 
of  cannibalism  by  their  dams.  Thereafter,  survival  curves 
from  time  of  weaning  until  eviration  first  were  parallel, 
then  converged,  i.e.,  the  mortality  curve  of  control  mice 
after  the  18th  month  was  steeper  (Fig.  2)  .  The  total  dose 
of  microwave  energy  in^iarted  to  irradiated  fetuses  was  '^'80 
J/g — once  again  a  minuscule  contribution  to  the  total  pro¬ 
duction  of  endogenous  energy. 

The  studies  of  Preskorn,  et  al.  (1978)  and  Reeves,  et  al . 
(1981)  yielded  quite  different  outcomes  in  mice  of  the  same 
(CFW)  strain  during  initial  post-partum  periods  of  observa¬ 
tion;  pre-weaning  loss  of  pups  did  not  differ  among  controls 
and  irradiated  animals  in  the  studies  of  Preskorn,  et  aJ . , 
but  Reeves,  et  ai.  observed  a  threefold  increase  over  con¬ 
trols  in  percentage  of  deaths  of  fetally  irradiated  pups. 
A3.though  the  energy  dose  per  ejqjosure  was  lower  in  the 
Reeves,  et  ai .  study,  the  dose  rate  was  considerably  higher 
and  led  to  larger  ATs  of  dams'  colonic  teitperature  (respec¬ 
tive  means  of  elevation  are  2.24  and  2.76  °C)  ,*  which  may 


*Measurements  of  temperature  immediately  before. and  after 
irradiation  were  made  with  sensors  of  relatively  large  ther¬ 
mal  time  constants  ('vlO  s)  .  Recent  comparisons  of  ATs  of 
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E'igure  2.  Survival  curves  of  135  CFW  mice  that  were 
irradiated  three  times  in  utero  (11th,  13th,  and  15th  day  of 
gestation)  for  10-min.  periods  in  a  multi-mode  cavity 
(2450-MHz  microwaves;  dose  rate  46  mW/g) .  Sham-irradiated 
mice  and  reference  (continuously  caged)  controls  (total  n  = 
106)  differed  negligibly  in  survival  times;  their  data  were 
pooled.  Seventeen  percent  of  the  irradiated  mice  (vs.  6%  of 
controls)  died  before  weaning  (P  <  .05) ,  victims  of  canni¬ 
balism.  Thereafter,  survival  curves  were  parallel  through 
the  18th  month,  then  declined  more  steeply  for  controls. 
The  calculated  energy  dose  per  exposure  is  'V28  J/g,  which  is 
near  the  lethal  threshold  for  brief  (<20-min.)  periods  of 
irradiation  (Reeves,  et  al.,  unpublished). 


irradiated  mice  in  the  author's  laboratory  based  on  the  same 
sensors  and  on  mlcrowire  thermocouples  (time  constant<<l  s) 
have  revealed  tnat  elevated  body  tenperatures  of  mice 
decline  so  rapidly  after  cessation  of  irradiation  that  non- 
lethal  maxima  are  undervalued  by  as  much  as  3  °C  when  con¬ 
ventional  sensors  are  used.  A  critical  factor  in  the  com¬ 
parison  of  studies  of  Preskom,  et  ai.  and  Reeves,  et  al.  is 
the  difference  in  measured  ATs,  not  their  absolute  values. 
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have  played  a  role  in  the  selectively  high  incidence  of 
demise.  Of  obvious  import  for  future  studies  of  longevity 
of  animals  irradiated  in  vtero  is  the  need  to  avoid  exces¬ 
sive  temperature  elevations  of  dams  and  their  concepti. 


Effects  of  Microwave  Irradiation 
on  Other  End  Points  of  Aging 

Many  markerr.  have  been  used  in  classical  studies  of  the 
rate  of  mammalian  (including  human)  aging;  among  them:  bone 
growth  and  development,  density  of  CNS  neurons,  body  mass, 
immunocompetence ,  food  consumption,  and  metabolic  rate 
(Sacher,  1974;  Shock,  1974).  Studies  typically  involving 
brief  periods  of  microwave  irradiation  of  mice  and  rats  at 
moderate  to  intense  levels  (i.e.,  dose  rates  ranging  from  1 
to  20  mW/g,  and  total  durations  of  ei^josure  ranging  from  a 
few  tens  of  minutes  to  a  few  days)  have  revealed  with  re¬ 
spect  to  controls  that  bone  growth  of  fetuses  is  delayed 
(Berman,  et  ai . ,  1982;  see  Fig.  3);  that  body  mass  of  fe¬ 
tuses  is  smaller  (Chernovetz,  et  ai.,  1979;  O'Connor,  1980; 
Berman,  et  ai.,  1982;  see  Fig.  4);  that  food  consumption  of 
adults  is  reduced,  even  though  normal  body  mass  is  main¬ 
tained  (Lovely,  Chapter  20  of  this  volume) ;  that  immunocom¬ 
petence  of  adults  is  enhanced  (Szmigielski,  et  ai.,  1979; 
Roszkowski,  et  ai . ,  1980);  and  that  density  of  neocortical 
neurons  of  adults  is  higher  (Brizzee,  et  ai.,  1971).  The 
most  frequently  confirmed  finding  of  direct  pertinence  to 
the  free-energy  hypothesis  is  reduction  of  metabolic  rate 
during  periods  of  microwave  irradiation,  which  has  been 
reported  in  the  adult  rat  by  Phillips,  et  ai .  (1975) ,  in  the 
adult  mouse  by  Ho  and  Edwards  (1977a,  b)  ,  and  in  the  adult 
primate — the  squirrel  monkey — by  Adair  and  Adams  (1982) . 
Most  of  the  irradiation-induced  changes  in  end  points 
related  to  age-markers  and  to  metabolism  are  of  a  direction 
that  comports  with  Sacher's  free-energy  hypothesis. 


Caveats 


To  avoid  any  supposition  that  mine  is  a  special  plea 
—  that  data  favorable  to  the  free-energy  concept  have  ‘.een 
cited  selectively — I  hasten  to  repeat  my  earlier  cautionary 
about  the  lack  of  any  published  experiment  that  suffices  an 
adequate  test.  The  studies  cited  qualify  only  as  heuristic 
examples,  and  any  of  them  might  have  yielded  results  by 
means  quite  removed  from  the  organism's  utilization  of  free 
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NO.  of  STERNAL  OSSIFICATIONS 

Figure  3.  Percentages  are  shown  for  observed  frequencies 
of  sternal  ossifications,  a  measure  of  skeletal  development, 
in  mouse  fetuses  of  the  CD-I  strain.  Their  dams  were  sham 
irrad’:.»ted  or  were  irradiated  100  minutes  daily  in  the  far 
field  oy  2450-MHz  microwaves  at  28  mW/cm^  from  the  6th 
through  the  17th  day  of  gestation  (estimated  mean  of  dose 
rate,  16.5  mW/g)  .  (The  data  were  provided  in  a  personal 
communication,  1981,  from  Ezra  Berman  and  represent  a  de¬ 
tailed  breakdown  of  findings  in  the  1982  report  of  Berman, 
et  al . ) . 


energy.  For  example,  hirman,  st  ai.'s  finding  of  retarded 
development  of  skeletal  structure  in  fetally  irradiated  mice 
might  represent  toxic  stunting,  not  a  delay  in  rate  of 
maturation.  Only  long-term  studies  that  provided  compara¬ 
tive  data  on  asymptotes  of  body  mass  of  mature  controls  and 
of  mature  mice  after  fetal  irradiation  could  shed  definitive 
light  on  the  mechanism  of  retarded  development.  A  predicted 
outcome  of  the  free-energy  hypothesis  is  that  fetally  ir¬ 
radiated  animals  would  reach  the  normal  limits  of  body  mass 
at  a  later- than-normal  time;  cf  an  hypothesis  based  on  toxi- 
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CONTROL  EXPOSURE  MICROWAVE 

Figure  4.  Means  of  body  mass  {±SE)  are  shown  for  rat  fe¬ 
tuses  ( Sprague -Dawley  strain) :  52  reference  (continuously- 
caged)  controls,  50  sham-exposed  animals?  123  dosed  with 
2450-MHz  energy  at  'Vl7  mW/g,  and  73  dosed  at  '^30  inW/g.  Dams 
of  16  independent  groups  were  irradiated  once  in  a  multi- 
mode  cavity  for  20  minutes  during  the  8th,  10th,  12th,  or 
14th  day  of  gestation.  All  measurements  of  body  mass  were 
made  during  the  18th  day  immediately  after  Caesarian  sec¬ 
tion.  The  calculated  energy  doses  are  'V20  and  '^36  J/g;  the 
incidence  of  lethality  exceeded  20  percent  in  dams  dosed  at 
36  J/g.  Only  live  fetuses  from  surviving  dams  yielded  data 
shown  in  the  figure  (Chernovetz,  et  al.,  unpublished). 


cation,  a  persistent  arrest  of  growth. 

The  datum  of  reduced  body  mass  at  term  of  embryonically 
or  fetally  irradiated  mice  and  rats  might  itself  be  con¬ 
sidered  at  variance  to  the  Tree-energy  hypothesis.  If  there 
were  a  linear,  one-for-crse  trade-off  of  endogenous  for  exo¬ 
genous  energy  in  utero,  one  would  expect  no  differences  in 
body  mass  between  irradiated  and  control  preparations. 
However,  the  dependence  of  embryo  or  fetus  on  maternal  meta¬ 
bolic  events  might  conspire  for  conditions  in  which  i 
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reduced  rate  in  the  dam's  utilization  of  endogenous  energy 
is  reflected  in  a  disproportionately  reduced  flux  of  metabo¬ 
lites  to  the  placenta.  Conversely,  both  dam  and  conceptus 
during  irradiation  might  be  exhibiting  the  same,  reduced 
rate  of  living  (aging) .  The  former  possibility  likely  would 
be  associated  with  a  normal  period  of  gestation  but  smaller 
fetuses,  while  the  latter  possibility  would  be  associated 
with  a  longer-than-normal  period  of  gestation  and  with  neo¬ 
nates  of  normal  body  mass  at  time  of  parturition. 

Another  possibility  at  variance  to  the  free-energy  hy¬ 
pothesis  may  lie  in  the  microwave-irradiation-augmented 
immunocompetence  observed  by  Szmigielski,  et  al.  (1977)  and 
by  Roszkowski  (1980)  .  This  augmentation  might  be  an  acute 
response  that  is  lost  or  even  reversed  in  animals  during  a 
prolonged  ejqposure  or  after  manifoldly  repeated  exposures  to 
a  mildly  thermalizing  field.  Indeed,  in  recent  work  in¬ 
volving  mice  with  genetically  disposed  or  experimentally 
induced  malignancies,  Szmigielski,  et  al.  (1982)  reported 
reliable  truncation  of  life  span  of  animals  exposed  2-h 
daily,  6  days  a  week  for  1  to  6  months  to  2450-MHz  fields 
that  resulted  in  dose  rates  between  2  and  8  mW/g.  This 
finding,  which  contrasts  with  those  of  Prausnitz  and 
Slisskind  (1962)  and  of  Preskorn,  et  al.  (1978),  who  found 
evidence  of  enhanced  survival  times  in  mice  intensely  irra¬ 
diated,  respectively,  as  adults  and  fetuses,  raises  an 
interesting  question.  Are  some  animals  constitutionally 
disposed  to  profit  from  the  free  energy  of  the  microwave 
field  while  others  face  a  loss?  This  question  is  both 
scientifically  intriguing  and  hygienically  in5)ortant — and 
begs  for  answers  from  the  laboratory. 


VALIDATION  OF  THE  FREE-ENERGY 
HYPOTHESIS 


Sacher  and  I  communicated  frequently  during  the  late 
1970s,  the  recurrent  topics  being  the  ideal — but  probably 
un-doable  "crucial" — experiment  for  attacking  the  free 
energy  hypothesis,  and  the  doable  experiments  that  would 
permit  one,  step-by-step,  to  cleave  between  or  among  com¬ 
peting  hypotheses.  The  problem  of  securing  a  valid  bio¬ 
logical  model  was  of  much  concern  to  Sacher,  not  only  in  the 
sense  of  selecting  the  appropriate  species  or  strain  of 
animal  but  also  in  implementing  a  living  environment  that  is 
as  compatible  with  the  animal's  natural  modus  vivendi  as  it 
is  with  the  accoutrements  of  the  laboratory.  The  widespread 
practice  of  isolating,  even  of  physically  restraining 
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animals  during  irradiation  treatments  invokes  sources  of 
stress  that  are  demonstrably  injurious  (Ju^itesen  cind  King, 
1970;  Justesen,  et  al.,  1971) •  The  elegantly  designed  ex¬ 
periments  of  Szmigielski,  et  al.  (1980,  1982)  have  revealed, 
for  example,  that  a  regimen  involving  chronic  social  iso¬ 
lation  and  confinement  of  mice  is  as  potent  or  more  so  in 
augmenting  growth  of  spontaneous  and  induced  neoplasms  and 
in  decreasing  life  span  as  is  chronic  microwave  irradiation 
that  results  in  dose  rates  of  2  to  3  mW/g.  More,  there  is 
an  as  yet  unassayed  possibility  chat  isolation  and  confine¬ 
ment,  even  if  adapted  below  thresholds  of  manifest  stress  in 
sham-irradiated  controls,  might  conplex  with  relatively  low 
levels  of  irradiation  to  trigger  a  suprathreshold  stress 
reaction  in  the  ej^erimental  animal.  One  hears  the  argument 
that  isolation  and  confinement  are  necessary  to  control 
energy  dosing  of  the  aniitial  in  a  free  field,  which  gives  one 
pause  to  wonder  whether  the  quest  for  dosimetric  accuracy 
and  control  has  too  often  exacted  an  incommensurate  cost  by 
way  of  socio-biologi cal  confounding. 

Sacher's  theoretical  focus  on  the  mammalian  brain  as  an 
ontogenetic  instrument  of  long-term  survival  led  me  to  sug¬ 
gest  that  measures  of  cerebral  metabolism  and  neuroelectric 
activity  are  highly  appropriate  to  the  study  of  the  aging 
animal.  Edward  C.  Beck  and  colleagues  at  the  Veterans 
Administration  Medical  Center  and  the  University  of  Utah  in 
Salt  Lake  City  have  published  numerous  reports  on  hxaman  sub¬ 
jects  that  reveal  highly  characteristic,  age-related  changes 
in  the  waveforms  and  latencies  of  components  of  sensorily 
1  evoked,  computer-summed  electrocortical  potentials  (Beck, 

1975;  Beck,  et  ai .  ,  1980;  Dustman  and  Beck,  1969;  Dustman, 
et  ai.,  1977).  Typically,  component  amplitudes  decrease  and 
latencies  increase  monotonically  as  the  individual  advances 
from  maturity  to  senescence,  yielding  as  it  were  indices  of 
the  biological  age  of  the  central  ner"vous  system.  Since 
chemical  stress  in  the  form  of  excessive,  chronic  intake  of 
ethanol  accelerates  the  electrophysiologically- indexed  rate 
of  aging  (Beck,  et  ai.,  1979),  there  is  precedent  for  the 
supposition  that  other  factors  that  augment  (or  delay)  the 
aging  process  in  mammals  can  be  detected  by  the  evoked- 
re.sponse  measure.  Accordingly,  a  first  doable  experiment 
might  involve  chronic,  intermittent  irradiation  of  animals 
in  a  lov/-stress  environment  in  which  one  performs  longitudi¬ 
nal  studies  of  brain  temperature  (as  an  index  of  cerebral 
metabolism)  cind  of  sensorily  evoked  responses. 

The  imaginative  reader  will  certainly  conjure  other  ex¬ 
periments  that  bear  on  Sacher's  free-energy  hypothesis.  One 
that  has  tantalized  me  is  implicit  in  R.V.  Pound's  recent 
proposal  (1980)  to  remake  the  human  home  in  the  form  of  a 
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capacious  multi-mode  cavity,  thence  selectively  to  warm  its 
inhabitants  with  microwave  energy.  Pound's  motive  is 
economic — why  waste  energy  on  the  inert  materials  of  the 
domicile  when  you  can  invest  it  directly  in  its  lively 
inhabitants? — but  I  suspect  that  Sacher  would  look  beyond 
the  dollar  to  the  possibility  that  the  inhabitants  might 
enjoy  a  longer  sojourn  during  the  trek  to  senescence. 

Hardly  evangelical  in  his  belief  of  the  possibility  of 
free-energy  utilization,  Sacher  was  nonetheless  committed  to 
the  view  that  the  possibility  has  implications  worthy  of 
intensive  exploration  and  evaluation  in  the  laboratory.  I 
lament  the  untimely  demise  that  prevented  him  from  culturing 
his  brain  child  but  would  do  his  memory  honor  by  unveiling 
his  conceptus  and  by  urging  other  scientists  with  the  re¬ 
quisite  means  to  determine  its  viability. 

George  Sacher  was  a  creative  explorer,  a  brilliant  navi¬ 
gator  of  many  scientific  seas.  If  the  free-energy  hypoth¬ 
esis  is  validated,  he  will  in  time  be  regarded  as  a  latter- 
day  Ponce  de  Leon  whose  fountain  of  youth  lay  not  in  magic 
waters  but  in  a  beneficent  scream  of  electromagnetic  energy. 


APOLOGIA 


George  Sacher 's  command  of  scientific  knowledge  was  awe¬ 
somely  broad  and  deep.  Were  I  numbered  among  that  rare 
species  of  which  he  was  member  and  exenplar,  rry  task  as  ex¬ 
positor  would  have  been  easy.  The  task  was  not  easy,  and 
whatever  errors  and  voids  in  translation  of  his  views  appear 
in  my  exposition  should  be  charged  solely  to  me.  The  lar¬ 
gest  voids  in  gauging  the  inplications  of  the  free-energy 
hypothesis  lie  in  the  realms  of  biological  physics  and 
chemistry — in  the  goings  on  of  enzyme  kinetics,  in  the  dis¬ 
tribution  of  high-energy  phosphates,  in  the  traffickings  of 
the  mitochondria,  in  the  balance  of  anabolic  and  catabolic 
events,  etc.  I  leave  it  to  scientists  who  are  gifted  with 
the  requisite  knowledge  to  assess  Sacher 's  hypothesis  for 
its  goodness  of  fit  with  what  is  known — and  to  specify  means 
of  testing  its  validity — in  the  domain  of  molecular  biology. 

Another  void  lies  at  the  other  end  of  the  biological 
spectrum  in  what  might  be  labeled  the  intersection  of  mind 
and  medicine.  A  glance  at  the  life  tables  of  the  years  1900 
and  1980  reveals  that  the  average  longevity  of  Homo  sapiens 
in  the  environs  of  North  America  has  nearly  doubled.  From 
the  fertile  minds  and  facile  hands  of  Pasteur,  Koch,  Ehr¬ 
lich,  Flemming,  Halsted,  and  others  have  flowed  discoveries 
and  advances  that  have  added  remarkably  to  the  life  span  of 
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man.  In  this  socio-biological  sense  Sacher  is  doubtless 
vindicated  in  championing  the  brain  as  the  organ  of  lon¬ 
gevity. 
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A 

Absorptance,  26-29 
Absorption 
energy,  58 
resonant.  284 
dielectric,  246 
in  tissue,  76 
waves 
acoustic,  57 
electromagnetic.  57 
Acclimation,  217,  289 
and  heart  rate,  279 
to  heat 

blood  volume,  280 
microwave  resistance,  276 
sweat,  280 

individua.  iriability,  280 
to  microwave  radiation,  275,  279 
overall  heat  load,  279 
Accommodation,  289 
Adaptation,  289 
genetic 

to  hot  environment,  277 
to  microwave  radiation,  275 
Adjustable  set  point,  see  Set  point 
Adrenocortical  response,  445,  455,  456,  457 
Air  motion,  16.  20,  22,  26 
and  convection,  16 
Air  temperature,  see  Temperature 
Air  velocity,  213 
Alliesthesia,  126 

American  National  Standards  Institute,  235 
Amnesia,  retrograde,  214 
Analgesia,  214 
Anechoic  chamber,  285 
Animal  model,  see  Model 
Antiferromagnetic  state,  247 


Aperture 

contact  applicator,  69 
SAR  pattern,  73 
Applicator 

circularly  polarized,  68 
design,  88 
dipole,  64 

direct-contact,  66,  82 
monode,  63 
monopole,  64 
phased  array  contact,  69 
shortwave,  61 
size,  70 

Arcing,  47,  50,  53,  54 
Arousal  state,  180-182,  216 
and  electroencephalogram,  183 
Artifacts,  34,  46-48 
Assessment  of  risk,  233 
Autonomic  response,  104,  109,  176,  177,  291 
Avian  thermoregulatory  system,  see 
Thermoregulatory 

Avoidance,  noxious  environments,  309 

B 

Background,  microwave,  43 
Bar  press,  324,  362 
B  director,  heating  pattern,  81 
Behavior 
instinctive,  360 
escape,  361,  372 
learned,  360 
operant,  324,  379 
parenUl,  322 
specific,  311 

thermoregulatory,  309,  359,  360,  362,  365, 
370 
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Behavior,  continued 
basking,  370 
bathing,  310 
crouching,  311 
fanning,  320 
heat  gain,  307 
heat  loss,  307 
huddling,  310 

Behavioral  response,  109,  176,  !77 
Behavioral  threshold,  see  Threshold 
Biophysics,  tissue  heating,  58 
Biopolymer  interaction,  246 
Birth  defect,  425 
Birth  weight,  see  Weight 
Blood  analysis,  417 
Blood  flow,  9,  58,  71,  84,  454 
extravascular  fluid,  292 
forearm,  254,  256 
increase,  303 
effect,  105 

modifies  temperature  distribution,  97 
skin,  132,  251,  252,  256,  257,  262,  264, 
267,  269 

tissue  temperature,  88 
tumor,  60 
vasodilation.  Go 
Blood  pressure,  261 
Blood  vessel,  vasomotor  tonus,  57 
Blood  volume,  264,  265 
and  acclimation,  280 
and  exercise,  280 
Body,  heat  loss,  140 

Body-averaged  SAR,  see  Specific  absorption 
rate 

Body  mass,  288,  289,  391,  404-409,  412,  413, 
417.419,  421,423,  425-428 
Body  surface  area,  391 
Body  temperature,  see  Temperature 
Body  weight,  see  V/eight 
Boundary  conditions,  74 
tissue  temperature,  88 
Brain  transection,  midbrain,  176 
Broad  band  regulation,  184 
Brooding,  323 
Burrow,  321,  323 

c 

Calcium  efflux,  244,  245 
Cancer,  electromagnetic  heating,  57 
Capacitive  heating  72 
Capacitive  plates,  non-contacting,  60 
Capacitor  electrode,  see  Electrode 


Cardiac  filling,  260,  265,  268,  269 
Cardiac  output,  260,  265 
C  director,  81 

Cervical  transection,  rabbit,  176 
Choke,  annular,  leakage  control.  68 
Circadian  rhythm,  180.  445.  446,  448,  453 
456.  457 

Circularly  polarized  applicator,  see  Applicator 
Circularly  polarized  waveguide  system,  see 
Waveguide 

Citizen’s  band  (CB)  rjJio,  234 
Clearance  technique,  measure  blooc  flow,  84 
Clo,  17-19,  28.  322 
Closing,  17,  19,  24,  322 
thermoregulation,  321 
Coherent  vibrations,  247 
Cold  stress  test,  408,  432 
Colonic  temperature  measurement,  405 
Comfort,  109,  465,  466 
human  thermal,  15,  19-21,  24-26,  28-30 
microwave  heating,  20,  28 
Conception,  418 
Conditional  suppression,  205 
Conduction,  by  heat  transfer,  140,  see  also 
Thermal 

Conduction  currents,  58 
Conductivity,  58 
Convection,  15,  27 
heat  loss,  15-18.  21 
by  heat  transfer,  140 
Convulsion,  grand-mal,  212 
Cooling,  skin  surface,  84 
Core  temperature,  see  Temperature 
Corona,  53,  54 
Corticosterone,  417 
Cortisol,  456 

Cranial  cavities,  and  microwave  frequencies, 
393 

Critical  temperature,  see  Temperature 
Cumulative  response,  383 
Current,  direct  application,  60 
Cutaneous  themoreceptor,  see  Thermoreceptor 
Cyclotron  resonance,  247 

D 

D’arsonval,  J.  A.,  240,  241 
Defecation,  heat  loss,  320 
Deformation,  246 
Dehydration,  291 
diuretics,  267 
Desalivation,  320 
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Detectability 
onset  latency,  236,  237 
varies  with  microwave  frequency.  235 
Development,  skeletal,  471 
Diamagnetism,  246 

Diathermy,  3.  57,  61,  148,  149,  241,  255 
inductive  shortwave,  72 
microwave,  64 
Dielectric 
forces,  244 
heating,  244 
relaxation,  246 
resonant  absorption,  246 
Dielectric  constant,  37,  38,  58 
Dielectric  properties,  tissue,  58 
Dielectrophoresis,  246 
Dipole  applicator,  see  Applicator 
Direct-contact  applicator,  see  Applicator 
Discomfort,  warm,  126 
Displacement  current,  61 
Dog,  285 

Dose  distribution,  426 
Dosimetry,  426 

Drugs,  and  thermoregulation,  376 

E 

Ectotherm,  359 
Eddy  current,  tissue,  60 
EEC,  see  Electroencephalogram 
Effective  radiant  field,  117 
Effective  radiant  flux,  20-22,  24 
Effector  mechanism,  284 
Elasticity,  246 
Electrets,  247 
Electric  field,  69 
Electrode 
capacitor,  61 
contacting,  60 

Electroencephalogram  (EEC),  and  arousal  state, 
183 

Electromagnetic  heating,  see  Heating 
Electromagnetic  radiation,  240 
Elevation,  solar,  119 
Ellipsoids,  284 
Emissivity,  111 
Encephalization,  464 
Endorphins,  214 
pituitary,  134 
Endotherm,  359 

Endotoxin,  used  in  rats,  432,  437,  441 
Energy 
absorbed 

microwave,  17,  22,  25,  30,  58 


unequal  distribution,  95 
distribution,  426 
enthalpic,  284 
microwave 

nonthermal  level,  239 
thermal  tolerance,  1 
spurious,  45 
Entropy,  464 

Environmental  temperature,  see  Temperature 
Epsilon,  see  Dielectric  constant 
ERF,  see  Effective  radiant  flux 
Escape 

behavior,  216 
learning,  205,  213 
Evaporative  heat  loss,  see  Heat  loss 
Evaporative  water  loss,  see  Water  loss 
Evolutionary  change,  280 
Exercise,  146,  149,  151,  154,  178,  259,  260, 
262,  263,  268,  269 
hyperthermia,  148,  155,  156 
leg,  254,  255,  258 

Exposure  frequency,  2450  MHz,  362,  365,  370, 
372,  373,  433,  434,  437 
Exposure  standards,  232,  236 
Exposure  system 
microwave 

closed.  34,  46,  48,  54 
open,  34,  46,  48 
Exposure  to  microwaves 
duration,  2.- ' 
frequencie',  376 

Extrapolatic  i,  various-sized  animals,  391 

F 

Familiarity,  spectral  sources,  234 
Faradic  shock,  209 
Far  field,  36 
Feedback  signal,  170 
Feed-forward,  173 
Ferromagnetism,  246 
Fever,  151-153,  155,  178-180 
and  hyperthermia,  130,  154 
and  thermoregulation,  376 
Field,  orientation,  70 
Field-induced  forces,  246 
Fixed-interval,  383 
Focus,  microwave  diathermy,  64 
Food  consumption,  329,  404,  409,  412,  413, 
417,  418,  427 
cold  exposure,  328 
Forearm 

and  deep  body  temperature,  180 
venous  volume,  257-259,  268,  269 


Free  energy,  462,  463,  471-476 
Frequency,  58 
energy  deposition,  235 
industnal,  scientific  and  medical,  39 
microwave,  233 
and  threshold,  236 
ultra-high,  60 

G 

Genetic  adaptation,  see  Adaptation 
Grooming,  311 
Growth  curve,  422 

H 

Habituation,  to  microwave  radiation,  275,  276 
Hall  effect,  247 

Heart  rate,  and  acclimation,  279 
Hca;.  360 
infrared,  362 
metabolic,  292 
solar,  308,  310 
Heat  balance  equation,  139 
Heat  conduction,  6,  9 
Heat  deposition 
macro,  246 
micro,  246 
predictive  index,  381 
Heat  diffusion,  see  Heat  dissipation 
Heat  dissipation,  72,  291,  292 
Heat  exchange 
intravascular,  167 
posture,  308,  309 
Heat  flow,  skin,  232 
Heat  gain,  283,  292 
Heat  loss,  283,  292 
body,  140,  151 
dog,  170 
evaporative,  140 
respiratory,  146,  151 
goat,  167 

inverted  thermal  gradient,  233 
sensible,  US 
Heat  production 
dog,  170 
metabolic,  170 
Heat  storage 
behavior 

small  mammal,  184 
Heat  stress,  291 
Heat  transfer 
convective,  302 
thermal  averaging,  302 


Heating 

electromagnetic 
cancer,  57 
physical  therapy,  57 
Heating  modality,  see  Modality 
Hedonics,  109,  125 
sign,  223 
tone,  206 

Hematocrit,  286,  289,  290 
Hemoconcentration,  289,  291 
Hemodilution,  289-291 
Hibernation,  183,  184.  467 
High  water  content,  tissue  58,  69 
Homeostasis,  thermal,  360 
Homeotherm,  297 
Homcothermy,  284 
Homing  pigeon,  magnetic  effect,  244 
Hot  spot,  4,  10,  95-97,  284,  285 
apparent  lack,  103,  105 
electrical,  97 

impact  on  exposure  standards,  97 
predictability,  98 
thermal,  97 

5-HT,  see  5-Hydroxytryptamine 
Human  observers,  234 
Hydration,  289,  292 

5-Hydroxytryptamine,  432,  433,  437,  441,  443 
Hyperthermia,  2,  3,  146,  147 
and  exercise,  148,  155,  156 
and  fever,  148,  154 
Hypothalamic  nuclei 
anterior,  16,'( 
prcoptic,  163 

Hypothalamic  temperature,  see  Temperature 
Hypothalamic  thermoserisitivity,  see 
Ther.nosensitivity 
Hypothalamus,  7,84,  360 
avian,  166 

preoptic  anterior,  143-145 
temperature,  146 
thermal  information,  145 
thermoregulatory  system,  163 
Hypothermia,  induced,  432-434,  437,  441,  443 
Hypovolemia,  263 

I 

Ice,  ingestion,  320 
immune  system 

test  animal’s,  effect  of  radiation,  431,  437, 
443 

Immunocompetence,  468,  471,  474 
Incident  power  density,  25,  28,  29 
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Index 

ipectral  sources,  familiarity,  234 
Induction  coil,  72 

Infrared,  9,  24,  26,  109,  191,  365,  372,  465 
duration,  194 
heaters,  21,  22 
vs.  microwave,  232 
threshold  warmth  sensation,  231 
Insulation,  clothing,  17,  19,  21,  22,  25,  29 
Intravascular  heat  exchange,  see  Heat  exchange 
Inverted  thermal  gradient,  caused  by  heat  loss, 
233 

Ionic  effect,  246 

Ionizing  radiation,  cancer  treatment,  58 
Irradiation 
far-infrared,  204 
infrared,  221,  223 
microwave,  329 
heating  301,  437 
in  mice  437,  441 
in  rats  434,  441 
subtle,  431,  432 
partial  body,  3 

L 

Latency 
offset,  200 
onset,  200 
of  sensation,  193 

Latency  to  detection,  see  Detectability 
Leakage,  minimized  by  choke,  69 
Learned  helplessness,  214 
Lesion,  376 

Lethal  temperature,  see  Temperature 
Leukocyte  pyrogen,  151,  152 
Light,  visible,  224 
Linear  radiative  coefficient,  1 17 
Lipopolysaccharide 
used  in  mice,  433,  437,  441, 443 
used  in  rats,  432-434,  437,  441,  443 
Liquid-crystal  effects,  247 
Lizard,  whiptail,  370 
Localization,  195,  224 
IxKomotion,  311 
Longevity,  irradiated  mice,  242 
Lcf"  tangent,  37 
Lowir  body  suction,  267,  268 
Low  V  Iter  content,  tissue,  58,  69 
LPS,  see  Lipopolysaccharide 

M 

Macaca  mulatta,  see  Rhesus  monkey 


Magnetic  effect,  homing  pigeon,  244 
Magnetoconductivity,  :’47 
Magncro-phosphenes,  field-induced,  245 
Magnetosirictive  effects,  247 
Magnetron,  64 
Marconi,  M.  G.,  240 
Marha,  K.,  241 

Mass 
body,  464 
brain,  464 
Mass  transfer,  140 

Mean  radiant  temperature,  see  Temperature 
Megahertz 

915MHz,  dose-response  function,  417 
2450MHz.  362,  365,  370,  372,  373,  433, 
434,  437 

Membrane  interaction,  247 
Metabolic  accommodation,  417,  427 
Metabolic  rate,  58,  205,  464,  467,  471 
met,  17 

Metabolism.  291 
cerebral,  4/5 
heat  production,  139,  151 
MHz,  see  Megahertz 
Microenvironment,  321,  322 
bed,  321 
den,  321,  323 
hive  temperature,  321 
house,  321,  322 
nest,  321,  323 
sleeping  bag,  322 
small  mammals’,  184 

Microwave,  97.  98,  157,  191,  231,  240,  269, 
301,  360,  362,  365,  367,  370,  372 
adaptation,  199 
beam,  28,  29 
controlled  delivery,  301 
diffuse,  28,  29 
duration,  194 
gradient,  370,  372 
vs.  infrared,  232,  233 
intense  field,  372 
low-power  densities,  431,  441 
sensation 
adaptation,  237 

temporal  boundaries  fuzzy,  237 
stimulation  by,  199 

Microwave  acclimation,  see  Accii,T’.?tion 
Microwave  diathermy,  see  Diathermy 
Microwave  energy,  see  Energy 
Microwave  exposure,  329,  330,  453,  445,  446, 
448,  453,  455,  457 
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Microwave  field 
plane-wave,  284 
temporal 
aspects,  49 
variation,  49-51,  54 
Microwave  frequency,  see  Frequency 
Microwave  oven,  234,  241 
Microwave  perception,  8 
Microwave  resistance,  and  heat  acclimation,  27t> 
Migration,  ambient  temperature,  320 
Modality,  heating,  treatment  of  patients,  86 
Mode,  40,  46 

Model,  71,  297-299,  see  also  E^oportional 
regulator 
animal,  280 
compartmental,  2 
deposition 
energy,  302 

radiofrequency  power.  301 
mathematical  simulation,  297,  298 
neuronal,  173 
perception,  2 
phantom,  69 

regulated  system,  298,  299 
compartment 
blood,  299 
tissue,  299 

regulatory  system,  298,  299 
temperaiure 
hypothalamus,  299 
set  poirh,  299 
syntheti '  muscic.  76 
thermoregulatory,  i  11,  302 
Monode,  63 

Monopole  applicator,  see  Applicator 
Mortality 
neonatal,  421 
postnatal,  ^11 
Movement,  246 
Multiplicative  interaction,  146 
Muscular  work,  329,  330 
Musculature,  beating,  74 

N 

Near-zone  field,  tissue  exposed  to,  64 
Neuronal  model,  see  Model 
Newborn,  322 
human,  323 

Nocturnal  activity,  avoidance  of  day  heat,  320 
Nonionizing  radiation 
teratogenetic  effects,  242 
as  a  tool,  242 


Nonthermal 
definition,  242 
effects,  241,  242 

o 

Observing  response,  379,  380 
Onset  latency,  see  Detectability 
Ori;*ntalicn,  246 
field,  70 

Oscillation,  free  charges  on  ions,  58 
Osmosis,  24'^- 
Oxygen  consumption 
harbor  seal,  174 

and  hypothalamic  temperature,  175 
and  shivering,  172 

P 

Pain,  109,  123 
sensation,  53 
threshold,  53 
pricking,  123 
thermal.  196,  199 
Pain  sensor,  unsafe  temperature,  60 
Panting,  see  Polypnea 
Paramagnetism,  246 
Partial-body  irradiation,  3 
Penetration,  43 
depth,  89 
fat,  83 

radiation.  42,  54 

Penetration  profile,  microwave  frequencies.  233 
Perceived  risk,  234 

Perceptibility,  of  microwave  field,  by  humans 
and  infrahumans,  236 

Peripheral  blood  pooling,  260,  261,  263-265, 
267,  269 

Peripheral  temperature,  see  Temperature 
PGE,  see  Prostaglandin  E| 

Phantom  mode!,  see  Model 
Phased  array  contact  applicator,  see  Applicator 
Physical  therapy 
cancer,  57 

electromagnetic  heating,  57 
Piezoelectricity,  247 
Pigeon,  166 

homing,  magnetic  effect,  244 
spinal  warming,  177 
Pituitary  endorphins,  134 
Plane- wave  microwave  field.  284 
Plasma  volume,  267 
Plethysmography,  254,  257 
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Plexiglas.  285 
Poikilothenn.  297 
Polarization.  246 
Polypnea.  145,  289 
coinciJent  with  shivering,  177 
hypo'halamic  temperature.  172 
thermal,  162 
Posture 

heat  exchange,  308.  309 
supine,  267 
upright,  261 

Power  density,  367.  374 
maximal,  376 
minimal,  376 

Predicted  mean  sensation,  122 
Predictive  index,  heat  deposition,  381 
Preferred  temperature,  see  Temperature 
Propagation,  waves, 
acoustic,  57 
electromagnetic,  57 
Proportional  regulator,  170 
Prostaglandin  E|,  154 
Protection  guide,  adopted  by  ANSI,  235 
Psychological  adjustment,  to  heat,.  278 
Pyroelecmcity,  247 
Pyrogen,  178 
leukocyte,  151,  152 

Q 

Quantized  magnetic  flux,  244 
Quasi-static,  coupling,  64 

R 

Rabbit,  146,  151,  152,  176 

Radar,  234 

Radiation 

depth  of  penetration,  9 
frequency 
microwave,  60 
ultra-high,  60 
heat  loss,  15-18,  20,  21 
by  heat  transfer,  140 
incident,  25 
losses,  6 
solar,  119,  121 
stray,  85 
thermal,  109 
assy  metric,  134 
transmission  through  skin,  113 
Radiation  Control  for  Health  and  Safety  Act 
of  1968,  241 


Radio  broadcasting  tower.  234 
Radiofrequcncy  energy  ab,..rption.  see  Energy 
Rando>-,i  walk.  216.  223 
Rapid  eye  movement  (REM)  sleep,  see  Sleep 
Rat.  362.  372.  379.  434.  441 
eye.  opening  date.  427 
Reference  sig'-el.  170 
Reflex  effects.  284 

Relative  absorption  ero.  -section.  3,  4 
Repeated  acquisition.  3o3 
Resonance.  41.  54.  96.  97.  104 
effect,  4 
head,  97.  104 
near,  97.  98.  104 
spurious.  47 
whole-body,  105 
Resonant  absorpiu'n.  284 
Respiratory  evapora.'ve  heat  loss,  see  Heat  loss 
Respiratory  water  lo.ss.  see  Water  less 
Rhesus  monkey,  99.  379.  445,  446.  453,  454, 
456,  457 

Risk/benefit  ratio,  240 
Rotation,  polar  molecules,  58 

s 

Saliva,  spread  on  skin,  320 
SAR,  see  Specific  absorption  rate 
Scrotum,  ram,  162 
Self  stimulation,  thermal.  330 
.Semiconductivity.  244 
Senescence,  467 
Sensation 
magnitude,  193 
microwave-induced,  199 
offset,  193 
onset,  193 
temperature,  194 
thermal,  191,  195 
localization,  195 
warmth,  191,  198,  200 
threshold,  191 
Sensor,  284 
temperature,  359 
thermal,  142,  144,  145 
Sensory  awareness,  231 
Sensory  dynamics,  203,  224 
Setpoint,  151,  170,  283 
Set  temperature,  142,  151,  154 
Shade,  310,  320 
Shivering.  167 

coincident  with  polyjmea,  177 
feathered  skin,,  163 
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Shivering. 

heat  production,  146 
and  hypothalamic  temperature,  172 
Shortwave,  72 
applicator.  61 
Shuttlebox,  31  i 
Signal,  spurious.  45 
Silk  screen,  on  model.  71 
Simulation,  cor.ibined,  302 
Skin 

blood  flow,  132,  148.  2.32 
heat  loss,  233 
thermal  information.  145 
Sleep,  170 

non-rapid  eye  movement.  181.  183 
rapid  eye  movement  (REM),  181 
Solar,  308,  310 
Solitons,  247 

Spacing,  between  applicator  and  ti.ssue.  70 
Spatial  acuity,;  195 

Specific  absorption  rate,  I.  4,  25,  26,  28,  37. 
71,  98.  285.  405.  406.  416,  417,  426 
ankle,  98 
biceps,  98 
body-averaged,  3 
thigh,  98 
uniform,  85 
wri.s{,  98 

Specific  heat,  fat,  62 

Spectral  forces,  234 

Spectrum,  electromagnetic  38-40,  43 

Spinal 

temperature,  204 
theimosensitivity,  168,  180 
Spine,  avian,  166.  177 
Spurious  products,  45,  47 
Squirrel  monkey.  154,  221,  362.  363.  373,  379 
Stark  effect,  247 
State  dependence.  206 
memory,  206,  214 
Stefan-Boltzmann  law.  III,  113 
Stillbirth,  407 
Stimulation 

microwave,  33,  .34,  199 
non-thermal,  134 
Storage,  heat,  140,  146,  151,  153 
Stray  radiation,  reduced  by  direct-contact 
applicators,  85 

Stroke  volume,  cardiac,  260,  262,  264,  265 
Styrofoam,  restraint  device,  381 
Successive  approximation,  219 
Summation 
spatial,  195,  200 


temporal.  193.  200 
SupcrconductiMty .  244.  247 
Surface  plasmas,  247 
Surv'ival.  309.  465-469.  474.  475 
Swc.Hing.  146.  251-254.  267 
radiant  warming.  163 
SOI  point.  279 

sodium  content  and  heat  acclimation.  280 
Swimming,  survival  m  cold  water.  .309 
Synthetic  muscle,  in  model.  76 


T 

Tachyons.  247 
Technology,  history,  239 
Temperature 
air.  21.  24-29 
and  heat  loss,  16 

body.  104.  161.  445-448.  453-457 
change.  10.  141.  237 

core.  67,  70,  279.  365.  367.  .374.  387.  405. 
408,  425.  428.  433.  4.34.  4.37,  441. 44.3. 
46.3,  467 
critical.  287 

environmental.  288.  291 
hypothalamic,  165.  167,  170-173.  175 
lethal.  292 

mean  radiant.  16-18,  21.  117 
measurement,-  97 

operative,  18-21,  23-26.  28.  .30.  128 
peripheral,  104.  162 
preferred,  154-156,  365.  374 
skin.  146,  167,  170,  173.  2.37.  258,  279, 

365.  367.  374,  423.  425,  426 
spinal.  204 

standard  effective,  129 
,steady-,state.  215 
Temperature  probe.  71 

Temporal  dynamics,  microwave  sensation,  236 
Temporal  summation  region.  43 
Tesla,  N.,  240 
Thermal 
comfort,  322 
compensation,  288 
conduction,  58,  71 
equilibrium,  287,  288,  292 
gradient,  2.37,  246,  285,  311,  312 
hazard,  95 
neutrality,  122,  291 
pain,  60.  223 
penetration  length,  9 
sensation,  18,  24,  109,  125,  164,  .376 
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Thermal.  ii  'Uiniird 
stros!..  28.T  287.  28^1.  292.  .W 
tolerance.  I 
transients.  28^ 

'Ihermistor  probe.  28.“' 

Themto-acoustK'  effects.  246 
Themiocline.  .^1 1 
Themiode.  hyptitlialamic.  157 
Themiodetector.  peripheral.  .4.19 
Thcmiopenesis.  162.  441 
Thermographic  method.  SAR 
measurement.  71 
•aitems.  82 
Thei  moreceptor 
cold.  14.1.  162.  161 
cutiiiieous.  8.  162.  211.  217.  .1.19 
warm.  141.  162 

Themioiegulation.  6.  14f).  298,  301,  365,  .374, 
453-455.  46.5 

behavioral,  125.  212.  216,  319.  221,  222. 

278.  1.59,  160.  372,  376 
fever.  176 
Thermoregulatory 
balance.  170 
failure,  287 
model.  297,  298 
reflex,  176 

system,  2,  161,  164,  176 
test,  423 

Themiosensitivity,  163,  167,  168,  170,  174, 
180 

Thin-film  effects,  247 
Threshold,  104,  362,  365 
absolute,  191,  203,  216 
absorbed-energy,  204 
behavioial,  393 
difference,  193 
infrared,  231 
microwave,  231 
thermal  pain,  193.  196,  199 
varies  with  frequency,  236 
Thygmotaxis,  215 
Tissue 
damage,  292 

dielectric  properties,  58,  69 
exposed  to  near-zone  field,  64 
heating,  58 
by  microwave,  237 
high  water  content,  58,  69 
low  water  content,  58,  69 
thermoconductivity,  88 
Torpor,  182-184 
Transducer,  284 


Tumor.  60.  468 
treatment 
bone.  85 
superficial.  88 
Tunneling.  244.  246 

u 

IJHl-.  Radiation 

V 

Variability,  individual,  acclimation,  280 
Vasoconstriction 
avian,  feet,  166 
cutaneous,  146 
Vasodilation,  60,  291 
cutaneous,  146 
Vasomotor  activity,  291 
Vasomotor  reflexes,  267 
Vasomotor  responses,  avian,  feet,  166 
Vasomotor  tonus,  291 
blood  vessels,  57 
V'-n 

deep,  257 

superficial,  257,  258 
Venoconstriction,  259 
Venomotor  reflex,  267 
Venomotor  response,  268 
peripheial,  260 
Venous  pooling,  268 
Venous  pressure,  central,  267 
Vitek  Electrothermia  Monitor,  97 
Vitek  probe 
implanted,  7 
ankle,  7,  1 1 
biceps,  11 
groin,  10 
neck,  10 
thigh,  11 
wrist,  7,  1 1 
Visible  light.  224 

w 

Wakefulness,  181 
Warming,  radiant,  163 
Warmth  sensation,  163,  232 
continues  after  microwaves  turned  off,  237 
microwave  vs.  infrared.  233 
stimulus  intensity,  235 
temporal  boundaries  fuzzy,  237 
Warm-up,  214 
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Water  intake.  328,  329 
Water  loss 
evaporative.  289 
insensible,  288 
respiratory,  292 
Waveguide,  66 
system,  402 
Wavelength.  194 


acoustic.  57 
electromagnetic.  57 
Weight 
binh.  407 
body,  286 

Wettedness.  skin,  129 
Whole-body  exposure.  285 
Work,  heat  balance  equation,  139 


